Particles with Tunable Functionality by a
Nonagueous Emulsion Polymerization

Approach

Dissertation

zur Erlangung des Grades

»~Doktor der Naturwissenschaften*

im Promotionsfach Chemie

am Fachbereich Chemie, Pharmazie und Geowissenschaften
der Johannes-Gutenberg Universitat

in Mainz

Robert Dorresteijn
geboren in Koéln
Mainz im Jahr 2014



Dekan: Prof. Dr. ||
1. Berichterstatter: Prof. Dr. || | |
2. Berichterstatter: Prof. Dr. ||| |

Tag der mundlichen Prifung: 19.06.2015

D77 (Dissertation Universitat Mainz)



Die vorliegende Arbeit wurde in der Zeit von November 2011 bis
September 2014 am Max-Planck-Institut fur Polymerforschung in Mainz
unter Betreuung von Prof. Dr. || ] durchgefinhrt.

Hermn Prof. Dr. ||l mochte ich sehr herzlich fiir die gezielte,
groRartige Unterstiitzung und die stetige Diskussionsbereitschaft bezlglich

der Bearbeitung dieses interessanten Themas danken.



Meinen Eltern



Table of Contents

Index Of ADDIEVIAtIONS .......c.coviiiieiiiie e I
N 1511 - Vo SRS 1
P 111 oo [FTox [0 o PSPPSR 4
2.1 EMUISIONS ..ottt 5
2.2 Nonaqueous EMUISIONS.........ccccovveieeieiie e 8
2.3 Nanoparticles in Cancer Therapy.......cccoceevevveveiiene e 13
3 Motivation and ODJECHIVES........cceevieiiiieie e 15
4 ReSUlts and DISCUSSION ......ccveieierieiiiiiisiesieeeeie e 19

4.1 Poly(L-lactide) Nanoparticles via Ring-Opening Polymerization
(ROP) in Non-Aqueous EMUISION ..., 19

4.2  Biocompatible  Polylactide-block-Polypeptide-block-Polylactide

NN g ToTor: Vg T USSR 36
4.3  Polylactide-block-Polypeptide-block-Polylactide Copolymer
Nanoparticles with Tunable Cleavage and Controlled Drug Release...... 51

4.4  Polarity Reversal of Nanoparticle Surfaces by the Use of

UV-Sensitive Polymeric EMUISITIErS.........cooviiiiiiiiiiec 74

45 Metallocene Supported on Porous and Nonporous Polyurethane

Particles for Ethylene Polymerization ...........ccccooeviiiiinicniiiceeee, 89
5  Annotations / Unpublished ReSUlLS...........cccoereiiieniiiiiniiieeee, 114
5.1 Reproducible Synthesis of Poly(L-Lactide) Nanoparticles......... 114
5.2  Reproducible Synthesis of Poly(Urethane) Particles................... 115
6  Summary and OUIOOK ..........ccccoviiiiii 123

7 Supporting INfOrmMation............ccceivieiii i 127



7.1 To 4.2: Biocompatible Polylactide-block-Polypeptide-block-

Polylactide NaNOCAITIEN ...........ccveiierieeie e 128

7.2 To 4.3: Polylactide-block-Polypeptide-block-Polylactide
Copolymer Nanoparticles with Tunable Cleavage and Controlled Drug
REIBASE ... e 139

7.3 To 4.4: Polarity Reversal of Nanoparticle Surfaces by the Use of

UV-Sensitive EMUISITIErS.......ccoooiiiiiiiiice e 142
8 RETEIENCES ... 148
9 LISt Of FIQUIES ..ot 158
10 LiSt Of TabIES ..o 164
11 List of PUBLICAtIONS........coviiiiiiicice e 165

12 ACKNOWIEAgMENTS.......ocvieiieee e 167



Index of Abbreviations

Index of Abbreviations

b
BDMAEE
d

d
DBTDA
DLS
DMF
DMSO
DP

DSC
Fig.
GPC
HPLC
IMes
NHC
Oo/wW
PDI

PE

PEG
PEO
PGlu
PGlu(Pyr)
Pl
PLLA
PMMA
PU

ROP

rt

block
bis(2-dimethylaminoethyl)ether
chemical shift

diameter

dibutyltin diacetate
dynamic-light-scattering
N,N’-dimethylformamide
dimethyl sulfoxide

degree of polymerization
differential scanning calorimetry
figure

gel permeation chromatography
high-performance liquid chromatography
1,3-bis(2,4,6-trimethylphenyl)-imidazole-2-ylidene
N-heterocyclic carbene
oil-in-water

polydispersity index
poly(ethylene)

poly(ethylene glycol)
poly(ethylene oxide)
poly(glutamate)

poly(1-pyrenyl methyl glutamate)
poly(isoprene)

poly(L-lactide)

poly(methyl methacrylate)
poly(urethane)

ring-opening polymerization

room temperature



Index of Abbreviations

sec-BulLi secondary butyl lithium

SDS sodium dodecyl sulfate

SEM scanning electron microscopy

SIMes 1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazole-2-
ylidene

TEDA triethylene diamine

Ty glass transition temperature

us ultrasonication

W Tryptophan

W/O water-in-oil



Abstract

1 Abstract

This dissertation focused on application-driven projects that all utilized
nonaqueous emulsion polymerization techniques. The nonaqueous emulsion
polymerization employs two organic solvents, which are immiscible due to
different polarities. To emulsify the organic solvent-solvent interface, an
amphiphilic block copolymer, such as a poly(isoprene)-block-poly(methyl
methacrylate) copolymer or poly(isoprene)-block-poly(ethylene oxide)
copolymer, is applied. The polymerization in the dispersed phase finally
results in the formation of a polymer particle. In contrast to common
aqueous emulsion polymerizations that are limited to radical-based
polymerizations, the nonaqueous counterpart affords the use of a much
broader portfolio of components and polymerization techniques: the absence
of water allows for the utilization of water-sensitive compounds (acid
chlorides, isocyanates e.g.) and polymerization techniques such as the
polycondensation reaction, where water shifts the reaction equilibrium to

the monomer side.

Chapter 4.1 presents a successful method for the generation of well-defined
poly(L-lactide) (PLLA) nanoparticles in a single step by a
moisture-sensitive polymerization of L-lactide in nonaqueous emulsion. The
PLLA nanoparticles had diameters of roughly 70 nm and contained PLLA
polymer chains with molecular weights that were readily altered by varying
the monomer consumption to initiator concentration. Based on the success
of this polymerization method and PLLA’s biocompatibility, the upcoming
drug delivery systems consistently were prepared in nonaqueous emulsion

and contained PLLA as structural basis.

Chapter 4.2 shows a model reaction in which a peptide was successfully
incorporated into the polymer of a PLLA nanoparticle. The peptide
consisted of tryptophan spacer groups and two functional groups on each
side of the peptide (two terminal hydroxyl groups). Owing to the



Abstract

bifunctionality, initiation of the lactide polymerization by this peptide gave
a PLLA-block-peptide-block-PLLA triblock copolymer with the peptide in
the centered position. Performing this reaction in nonaqueous emulsion
resulted in the formation of well-defined nanoparticles, consisting of this
triblock copolymer. The non-cytotoxicity of such particles, when incubated
with HeLa cells, proved the biocompatibility of the particle dispersion. The
success of peptide incorporation into PLLA nanoparticles paved the way
toward the use of bioresponsive peptides, in order to impart a stimulus to the

particle.

In Chapter 4.3, the synthesis of a drug-carrying nanoparticle is described,
which showed drug release and associated cytotoxicity selectively in tumor
tissue, owing to stimuli-responsive polymer particles. By analogy with the
polymer of Chapter 4.2, the polymer consisted of a
PLLA-block-peptide-block-PLLA triblock copolymer, but this time with a
peptide that is bioresponsive: the recognition site in the peptide (PLGLAG)
is selectively cleaved by tumor-associated enzymes. Since the peptide was
located in the middle of the polymer, cleavage caused drastic reduction of
the polymer’s molecular weight. The resulting physicochemical changes
(higher mobility of the polymer fragments) most likely enabled drug release,
caused cell-death, and hampered mitosis when incubated with tumor cells.
A comparison of cellular effects with particles that had a scrambled peptide
sequence, demonstrated the selectivity of drug release: the particles with the

scrambled sequence were proven to be non-cytotoxic.

Chapter 4.4 deals with a common obstacle of particle dispersions that have
been manufactured in nonaqueous systems - their transfer into water for
their final purpose. Typically, a second surfactant layer is applied, which,
however, might cause aggregation and different behavior in the desired
application®™?. Therefore, a poly(ethylene glycol)-block-poly(1-pyrenyl
methyl glutamate) copolymer was synthesized, which at first was

amphiphilic and, therefore, stabilized PLLA particles in a nonpolar organic
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solvent. Thereby, the nonpolar poly(1-pyrenyl methyl glutmate)-block
oriented toward the nonpolar organic phase. Upon UV-irradiation, the
pyrenyl methyl units were cleaved from the polar poly(glutamic acid)-block,
resulting in polarity reversal of the particle surface from hydrophobic
(nonpolar) to hydrophilic (polar). In this way, transfer of PLLA
nanoparticles from nonpolar organic solvent into water without aggregation

or the addition of further surfactant layers was finally feasible.

In Chapter 4.5, the synthesis and the use of porous poly(urethane) (PU)
particles as a support for an olefin polymerization are described. The
production of poly(ethylene) particles with PU as a support was conducted
by |G and I FU particles have previously been
generated in nonaqueous emulsion. However, to use such a particle more
efficiently as a support for olefin polymerizations, porosity was needed in
order to have a larger surface area for catalyst immobilization and to ensure
fragmentation of the structure during polymerization, which is important for
high monomer consumption and for the transparency of the final product.
Porosity was achieved by adding defined amounts of water to a nonaqueous
emulsion: the water reacted with diisocyanate molecules, resulting in a
release of carbon dioxide and formation of pores. The degree of porosity
(proportional to the surface area) was dependent on the amount of applied
water, which consequently gave control over the amount of immobilized
catalyst on the support. Laser scanning confocal fluorescence microscopy
(LSCFM) images of poly(ethylene) particles demonstrated complete

fragmentation of the PU support during polymerization.
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2 Introduction

Dispersed polymer nanoparticles find use in a variety of materials such as
toners, column packing materials, pharmaceutics, coatings and adhesives!*
1. Owing to the nanometer size (diameters of 1-100 nm) and the
corresponding large ratio of surface area to volume, nanoparticles possess
unique physicochemical propertiest®”. Compared to a bulk material of the
same composition, nanomaterials perform exceptional feats of reactivity,

conductivity and optical sensitivity®".

The synthesis of polymer
nanoparticles is commonly conducted in emulsion polymerization. This
method goes back to the second world war, where efficient alternatives for
latex rubber were needed™. The great control of the product’s property and

its versatility are responsible for its industrial success later on®*!.

The resulting latex product is called polymer dispersion, respectively,
polymer emulsion, depending on the aggregation state of the dispersed
species. Exact assignment to either of those denotations is often difficult,
since the polymer’s glass transition temperature, its molecular weight and its
chain length strongly influence the aggregation state of the dispersed
polymer!®. Compared to homogeneous methods, the advantage of this
heterogenic process is the avoidance of the Trommsdorff-Norrish Effect
(Autoacceleration) during polymerization, which might occur in bulk
polymerization. This term describes the observed increase of viscosity
during radical polymerization that hampers chain termination and, therefore,
results in overheating of the reaction mixture!™®. In a heterogenic process,
the viscosity remains approximately the same owing to the presence of a
continuous phase, where occurring heat of reaction can easily dissipate. This
contributes to the use of the emulsion polymerization process in industrial

plants.
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2.1 Emulsions

Emulsions contain at least two immiscible solvents. A biphasic system, for
example, consists of one continuous phase and one dispersed phase (Figure
2.1.1).

Continuous Phase

Dispersed Phase

Figure 2.1.1. Scheme of biphasic emulsion.

In case of an oil-in-water emulsion (O/W-emulsion), a nonpolar oil is
dispersed in the continuous phase water (polar). An example from everyday
life is milk, where nonpolar milk fat is dispersed in water. Contrary,
biphasic emulsions in which water is the dispersed phase and the nonpolar
oil is the continuous phase are called water-in-oil emulsion
(W/O-emulsion). This is the case for butter or mayonnaise, for example.
The interfacial tension of two immiscible solvents determines the size of the
dispersed droplets in the continuous phase. In order to obtain smaller
dispersed droplets, application of energy through stirring or sonication is
needed. This has to do with the increasing surface-to-volume ratio when the
droplet size is decreased. To stabilize the larger interface, an emulsifier can
be added. The emulsifier reduces the solvent interaction (cohesion) and
reduces the interfacial tension™. Since power equals the product of the
interfacial tension and the interface, addition of emulsifier leads to a larger

interface and, therefore, smaller dispersed droplets™ 2.
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Emulsifiers are of amphiphilic nature. They consist of a polar (hydrophilic)
group and a nonpolar (hydrophobic) group. The polar unit can be anionic,
cationic, amphoteric or nonionic. The nonpolar group usually consists of a

nonpolar hydrocarbon chain.

N —
oil C\ T Emulsifier:
in > Polar Group
Water
/ "\o Nonpolar Group
S —

Figure 2.1.2. Scheme of a surfactant-stabilized O/W-emulsion.

In an O/W-emulsion, the polar group of the emulsifier faces the aqueous
phase, where its nonpolar group reaches into the lipid phase (Figure 2.1.2).
In case of ionic headgroups, electrostatic interactions between the polar
groups of the emulsifier molecules result in stably dispersed dropletst*®. In
the reverse case (in W/O-emulsions), stabilization of the interface is
achieved by steric repulsion of the nonpolar chain segments of the

emulsifier™,

In emulsions, two Kkinds of aging processes occur that lead to
inhomogeneity: coalescence and Ostwald ripening. Coalescence describes
fusion of droplets with time (Figure 2.1.3, top). This phenomenon can be
hampered by the addition of an emulsifier to the solvent mixture and the
corresponding reduction of interfacial tension and solvent interaction**,
Ostwald ripening describes diffusion of components through the continuous

phase from smaller droplets into larger ones (Figure 2.1.3, bottom)™>¢.
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Coalescence:

Ostwald ripening:

Figure 2.1.3. Schematic representation of coalescence and Ostwald ripening.

In contrast to coalescence, Ostwald ripening is a migratory process that
cannot be hampered by the addition of an emulsifier. It reduces the Laplace
pressure between the continuous phase and the dispersed phase!*®. This
kind of pressure is proportional to the ratio of surface area to volume.
Therefore, smaller droplets possess higher Laplace pressures than larger
ones and accordingly disappear first™®. Ostwald ripening can be slowed
down by adding a hydrophobe to an O/W-emulsion (or lipophobe in case of
W/O-emulsions). The hydrophobe creates an osmotic pressure inside of the

droplet that counteracts the Laplace pressuret*®*"1,

The rate of Ostwald ripening is linearly dependent on the droplet
concentration™®. Contrary, the rate of coalescence depends on the squared
droplet concentration, which is why the Ostwald ripening takes an inferior

position in the aging process™®.
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2.2 Nonaqueous Emulsions

A dispersed droplet in an emulsion can be used as a small reaction chamber
for polymerization reactions in order to generate polymer particle
dispersions. In Chapter 2.1 emulsions were described that contain water
either as continuous or dispersed phase. The presence of water, however, is
a limiting factor regarding choice of component and polymerization
technique. Water-sensitive molecules (acid chlorides, isocyanates,
water-sensitive catalysts e.g.) and reactions (polyaddition, polycondensation
e.g.) cannot be used, respectively, performed decently. A nonaqueous
emulsion, based on exclusively organic solvents, should overcome this
limitation and allow the generation of dispersed polymer particles that have

not been accessible in a single step.

A nonagueous emulsion consists of two organic solvents that have different
polarity and are, therefore, immiscible. Accordingly to the aqueous
emulsion (Chapter 2.1), one solvent serves as continuous phase and the
other one as dispersed phase, depending on the volume ratio. Addition of an
emulsifier reduces the interfacial tension. First approaches in generating
nonaqueous emulsions go back to the works of Riess et al. from the 60s and
70s"822 Therein, emulsions were generated consisting of either
N,N-dimethylformamide (DMF) and n-hexane or acetonitrile and
cyclohexane™®. Cameron et al. and Imhof et al. expanded the choice of
solvents for a nonaqueous emulsion. Emulsions of either petrol ether,
decane or silicon oils and polar DMF or dimethyl sulfoxide (DMSO) were
successfully generated®24. First polymerization attempts in a water-free
emulsion were conducted by Antonietti et al.”®). The used monomer was
soluble in the dispersed polar organic phase, but insoluble in the continuous
phase (nonpolar organic solvent)!®®. As a result, particles were obtained.
They were, however, inhomogeneous regarding particle morphology due to
the use of low molecular weight surfactants (sodium dodecyl sulfate

(SDS))** %! While in aqueous emulsions the polarity difference between
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water and organic solvent is large, this difference between two immiscible
organic solvents is not so severe. Therefore, a low molecular weight
surfactant does not suffice to stabilize such an interface™ 2%, Efficient
stabilization of an immiscible organic solvent mixture can be achieved by
high molecular weight block copolymers. In contrast to low molecular
weight surfactants that reach the thermodynamic equilibrium, block
copolymers rapidly assemble to aggregates which are kinetically hampered
to reach thermodynamic equilibrium®®®!. Therefore, those polymers can

sterically shield the droplets and form kinetically frozen aggregatest* %%,

In order to stabilize two immiscible organic solvents, the block copolymer
must possess two blocks having different polarity (A-block-B copolymer).
For example, block A has to be selectively soluble in the dispersed phase,
while block B must be exclusively soluble in the continuous phase (Figure

2.2.1)[*8 28 |n that way, stabilization of a large interface can be achieved™®
28]

| == =]

A-block-B Copolymer

Nonpia:iiz? / - ANNNL

Polar Nonpolar

MNANN
o “H_\ﬂ Block Block
e

Figure 2.2.1. Schematic representation of a nonaqueous emulsion with an amphiphilic
block copolymer as emulsifier.

Miuller et al. developed a Poly(isoprene)-block-Poly(methyl methacrylate)
(P1-b-PMMA) copolymer that was proven to stabilize a nonaqueous
emulsion with a polar dispersed phase, wherein various polymerizations
such as polyaddition™, polycondensation!®” or oxidative polymerization!®
were successfully performed. While the nonpolar PI block stabilized either

cyclohexane or n-hexane, the polar PMMA block stabilized either DMF or
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acetonitrile. To ensure selective solubility of each block in a distinctive
solvent, the copolymer was designed according to the concept of the Hansen
solubility parameter™. When a polymer and a solvent have the same
solubility parameter, the polymer should theoretically be well-soluble in the

solvent.

The Hansen solubility parameter (8) consists of three major types of

interactions:

e Dispersion interaction parameter (Jp)
e Permanent dipole-permanent dipole interaction parameter (5p)

e Hydrogen bonding interaction parameter (3y)

The following equation shows how those interactions contribute to &:
62 = 6p?+ Sp% + 6u?

Hence, 6 can be derived from the square root of the sum of each squared
parameter®. In Figure 2.2.2, & of nonpolar and polar organic solvents as

well as & of polymers that have been used in nonaqueous emulsion are

shown.
n-hexane acetonitrile
cyclohexane DMF
Solvent
olven | | ' | 5
Polymer | I A | |,
0 10 20 30
PI PMMA PEO

Figure 2.2.2. Hansen solubility parameters of certain organic solvents and polymers.
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Similar & of PI and either n-hexane or cyclohexane as well as of PMMA and
either acetonitrile or DMF strongly suggest high stability of an emulsion
consisting of the PI-b-PMMA copolymer as emulsifier of two immiscible
organic solvents (n-hexane or cyclohexane and DMF or acetonitrile). This
was experimentally corroborated by Miller et al.l**!.

To exert this stable nonaqueous emulsion for particle generation, the
polymerization must exclusively occur in the dispersed droplets. Therefore,
at least one component (monomer, comonomor, catalyst or initiator) must
be selectively soluble in the dispersed phase and should be present before

the polymerization startst*> 30 333

. Figure 2.2.3 visualizes a common
nonaqueous emulsion polymerization. The spherical structures of the last

two cylinders are 3D-cuts of micelles to visualize their content.

Nonpolar Organic Micelle
Solvent Formation

Amphiphilic
Block C opol\ mer

Polar
Ultrasonication Orgamc' Solvent
Component A
Dispersed Nonageuous
Particles Emulsion

Component B

lefusmn
into the droplets

Figure 2.2.3. Schematic representation of a nonaqueous emulsion polymerization.
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First, an amphiphilic block copolymer is added to a nonpolar organic
solvent. Due to the amphiphilicity of the copolymer, micelles are being
formed. Hereby, the nonpolar block faces the solvent, while the polar block
is shielded from it. Subsequently, component A (monomer e.g.) is dissolved
in a polar organic solvent and added to the micellar system. Final addition
of a component B solution (initiator e.g.) results in polymerization after its
diffusion into the dispersed phase, since all necessary polymerization
components are present in one reaction chamber. After complete monomer

consumption, the final polymer nanoparticle dispersion is obtained.

Figure 2.2.3 shows the use of ultrasonication after formation of the
nonaqueous emulsion. It leads to homogenization of the dispersed droplets:
the high energy of ultrasonication results in shearing of the droplets into
smaller uniform droplets, which after droplet collision are monomodally

distributed in the continuous phase®® (Figure 2.2.4).

f ol 2 8 s 48
£al, 3 %0 < e

Figure 2.2.4. Schematic representation of homogenization by ultrasonication!®®.

Polydispersity decreases

As the shape of the droplet determines the shape of the dispersed particle, a
homogeneous emulsion gives a homogeneous particle dispersiont® 3¢,
Furthermore, ultrasonication of the emulsion ensures equal amount of
polymerization components in the droplets, which is of importance for
polymerizations where exact stoichiometry is mandatory (step-growth

reaction).

12
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2.3 Nanoparticles in Cancer Therapy

Nanomedicine has become an emerging field over the past decades owing to
the unique physicochemical properties of nanomaterials. Numerous
biocompatible drug delivery systems based on inorganic nanoparticlest®”
$8139-41 and organic nanoparticles!****! have had an impact on various
branches of medicine including cardiology, oncology, pulmonology, and
immunology'®®. The global revenue for advanced drug delivery systems
was estimated to $151.3 billion in 20134, with targeted drug delivery as

largest segmentt*!,

But what are the benefits of materials being nano? Specifically in cancer
therapy, the size of a delivery system plays a crucial role regarding efficient
drug delivery: the rapid formation of new tumor vessels leads to abnormal
architectures with an endothelium having wide fenestrations*®). While a
small-sized drug molecule can readily diffuse out of tumor tissues,
nanosized particles that once diffused into a tumor tissue remain in there
due to the high pressure of interstitial fluid™®\. Such properties are exploited
to accumulate nanocarriers in tumor vessels (the so-called Enhanced
Permeability and Retention Effect)*. In other words, a certain selectivity
of drug transport is exclusively achieved by the nanosize of the carrier

(passive targeting).

When the dysfunctional tissue is reached, nanoparticles have the advantage
to strongly interact with cell lipids*”. Compared to bulk material,
nanoparticles possess a larger ratio of surface to volume, resulting in an
overall higher surface reactivity!*”!. Consequently, they cause disruption of
the cell membrane by formation of nanoscale holes, and membrane
thinning™®!. However, this effect decreases again going from nanoparticles
to single drug moleculest*®. The greater van der Waals interaction and the
corresponding stronger adhesive force of nanoparticles are suggested to be

responsible for this observation®*® — they dominate the elastic energy and

13
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cohesion of moleculest*®. As a result, the membrane molecules are
displaced and enclose the nanoparticle, causing particle uptake by the cell

(phagocytosis)! ).

Besides passive targeting (size and corresponding surface reactivity), a more
targeted delivery to a particular cell type can be ensured by addressing the
metabolic changes in cancer cells: specific receptors on cell membranes and
specific enzymes/proteins are overexpressed in the tumor tissuel®>4.
Therefore, antibodies®™, oligosaccharides® or peptides!*® are attached to
the particle surface either by covalent linkage to functional groups or
intermolecular interactions (electrostatic interaction e.g.)l ** *1. Those
groups perform the task to target a particular cell and to bind the
carrier/therapeutic to the cancer cell® %859 As a result, the drug is

selectively released in dysfunctional environment.

Besides targeting function, such ligands can also act as therapeutic
themselves: for example the monoclonal antibody Trastuzumab not only
targets HER2/neu receptors that are overexpressed on breast cancer cells,

but even hampers cancer cell proliferation(.

A combination of active targeting and the abovementioned passive targeting
is of particular interest. The benefits are obvious: lower drug concentrations
and a lower number of dosages are required, which reduce the side effects
that are caused by chemotherapy in a significant way™®.. This might finally

result in an improved patient compliance®.

14
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3 Motivation and Objectives

The use of the nonaqueous emulsion as a platform for the synthesis of
particle dispersions containing polymers that arise from moisture-sensitive
reactions were first introduced in the [l oroup by G-
Successful polycondensation reactions of acid chlorides and alcohols®®”, as
well as polyaddition reactions®®, and oxidative polymerizations® were
carried out in nonaqueous emulsions and demonstrated the ease of this one
pot method for particle generation. My predecessor || NG
extended the portfolio of applicable polymerization techniques in
nonaqueous emulsion by performing
ring-opening metathesis polymerizations (ROMP) of  norbornene
derivatives® and free radical polymerizationsi®®. By sequential
polymerization, he even succeeded in generating hybrid structured
nanoparticles having core-shell morphologies® . Those experiments
proved that the nonaqueous system is a very versatile platform for the
formation of various polymer particles, yet the particles were not designed
for a specific use. Therefore, the objective of this work is to synthesize
functional particles in nonaqueous emulsion that are tailored for desired

applications.

15
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Tumor
2% Cell

Drug Delivery
System

<
3
@
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Porous Support Material H,C=CH,

Figure 2.3.1. Schematic illustration of the use of a nonageous emulsion as starting point for
the design of functional particles for specific applications.

The first project deals with the synthesis of drug-carrying nanoparticles for
cancer therapy. The required carrier characteristics for efficient drug

delivery are, however, hard to combine in one system:

e the carrier must be biocompatible
e the carrier size in blood must be within 50 and 250 nm
e the drug must be stably encapsulated in the carrier (non-leaking)

e the drug must be selectively released in tumor tissue

It shall be investigated whether the nonaqueous emulsion can be used as
starting point for the synthesis of a drug delivery system that fulfills the

above-mentioned requirements.

Biocompatibility is likely achieved through the appropriate choice of
polymer. Poly(L-lactide) (PLLA) is biocompatible, biodegradable and has,

therefore, been used frequently as a bioresorbable material for biomedical

16
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applications®®. Yet its synthesis in a nonaqueous emulsion has previously
not been carried out, and thus is tested in an effort to form particles in a
single step. The resulting PLLA nanoparticles shall then be investigated

regarding morphology control and tunability of polymer properties.

The ideal carrier size should be achieved simply through the parameters of
the nonaqueous emulsion polymerization technique, which typically forms
particles with diameters of ~ 50-100 nm. Nonetheless, a huge challenge
involves the subsequent transfer of such particles from organic solvent into
water (aqueous dispersions are needed for biomedical applications), since

aggregation could lead to carrier sizes that are far beyond the ideal size.

Further investigations focus on the loading of PLLA particles with drug
molecules. Does the rigidity of PLLA suffice to stably encapsulate the drug
and to prevent its leakage from the carrier? If so, can it be selectively
released in a dysfunctional environment? Therefore, a specific stimulus is
needed. Peptides have proven to respond to external stimuli such as pH®®,
or enzyme overexpression? with change of their secondary structurel®”’,
their polarity!® or even their chemical structure®®™. Based on such
properties, they shall be studied for incorporation into PLLA nanoparticles
in order to give bioresponsivity to the system. Thereby, the impact of
peptide response on the physicochemical property of the carrier system is a
key factor: it determines whether drug release occurs and if so, how
selective it occurs. This study should additionally give insights into the

cargo-mediating mechanism.

The next project copes with the aforementioned issues of particle transfer.
For hydrophobic particles that need to be transferred into water for their
final application, hydrophilization of the particle surface must occur.
Commonly, a second amphiphile is added. However, this step usually
results in aggregation®, potentially hampering its usability for the final

application. Therefore, the goal of this project is the synthesis of an

17
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emulsifier (amphiphilic block copolymer) that stabilizes particles in
nonpolar solvents and in water without adding further surfactants.
Consequently, the polymer block, which faces the continuous phase, must
be forced to change its polarity from hydrophobic to hydrophilic at a desired
stage. It shall be investigated whether a chemistry of protective groups can

fulfill this demand of polarity reversal.

The last project deals with the formation of a new support material for the
polymerization of olefins. Currently, the common support material is silica
particles, which are non-spherical and broad in their size distribution. This is
an issue regarding product quality and processability. The size and the
morphology of the support dictate that of the polyolefin product. As a result,
polymer particles formed from these silica-based supports are typically
neither uniform nor spherical in shape, and are difficult to process.
Therefore, the goal of this project is the synthesis of a support material that
is uniform in size, that is spherical and possesses a large surface area for
catalyst immobilization. This shall be accomplished with spherical, porous
poly(urethane) (PU) particles that are synthesized in an uncommon
nonaqueous emulsion. PU is generated by reacting diisocyanates with diols.
Presence of water during polymerization leads to the coexisting formation
of poly(urea) and carbon dioxide. In a nonaqueous emulsion, the amount of
water can be precisely adjusted and should, therefore, influence the porosity.
It shall be investigated whether porosity, the corresponding surface area,
and, thus, the activity toward polymerization can be controlled by the
emulsion system itself. This necessitates plenty of optimization regarding

reaction conditions and component choices (monomers, catalysts).

18
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Results and Discussion

Abstract

The preparation of poly(L-lactide) nanoparticles via ring-opening
polymerization (ROP) of L-lactide is conducted in non-aqueous emulsion.
In this process acetonitrile is dispersed in either cyclohexane or n-hexane as
the continuous phase. Stabilization of this system is achieved through the
use of a PI-b-PEO respectively a PI-b-PS copolymer as emulsifier. The air
and  moisture  sensitive  N-heterocyclic  carbene  1,3-bis(2,4,6-
trimethylphenyl)-2-ididazolidinylidene (SIMes) catalyzes the
polymerization of L-lactide at ambient temperatures. Hence, spherical
poly(L-lactide) nanoparticles with an average diameter of 70 nm are
obtained under very mild conditions. The molecular weight of poly(L-
lactide) in the PI-b-PEO stabilized system always correlates with the
theoretical results and therefore indicates a low occurrence of side-reactions
in this system. Thus, the non-aqueous emulsion technique demonstrates its
good applicability towards the generation of well-defined poly(L-lactide)

nanoparticles.

Introduction

Aliphatic polyesters are widely applied in biological fields due to their

biodegradability and biocompatibility.!™®!

One frequently investigated
example of aliphatic polyesters is polylactide. It possesses good mechanical
properties in addition to its biodegradability and biocompatibility, which

makes it interesting for biomedical applications.!"”

Polylactide can be
obtained either by polycondensation of lactic acid, a step-growth
polymerization, or ring-opening polymerization (ROP) of lactide, a chain-
growth polymerization. A variety of metal catalysts, tin-octanoatel’” e.g.,
catalyze the ROP of lactide, leading to polylactide with a high molecular
weight and a high monomer conversion. Nevertheless, we were interested in

a metal-free approach to generate completely organic polylactide. The ROP
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of lactide can be catalyzed by organo-catalysts, like an N-heterocyclic
carbene (NHC) for example.’®™ This approach poses an attractive
alternative to metal catalysts in obtaining polylactide for biomedical and

electronic applications.t”>

Concerning  biomedical applications, dispersions of polylactide
nanoparticles are mainly of interest. So far, polylactide nanoparticles are
obtained in two steps. After the polylactide formation, the polylactide
nanoparticles are obtained in a second step through nanoprecipitation or the
high pressure emulsification and solvent evaporation method.[’®% Aqueous
emulsion polymerization, as the almost exclusively used method to prepare
polymer dispersions, is however not applicable in this case. The major
drawback in this traditional emulsion polymerization lies within the
existence of water. Due to water in this system neither the polycondensation
reaction nor the ROP are satisfactorily feasible to obtain polylactide
nanoparticles. The polycondensation reaction of lactic acid in aqueous
emulsion polymerization would lead to polymers with low molecular
weights, as water shifts the equilibrium towards the monomer side. The
ROP of lactide, normally leading to polylactide with high molecular weight
and low polydispersity, fails completely in aqueous emulsion due to the
high air and moisture sensitivity of the catalysts used for a ROP of lactide
under mild conditions. The polymerization of lactide must therefore be
carried out under inert atmosphere, where the absence of water is ensured.
Thus there is a strong need for a suitable technique to generate well-defined
polylactide nanoparticles in a controlled manner, concerning the desired
molecular weight and its molecular weight distribution. Our main focus lies
on the solution of this challenge and to generate polylactide nanoparticles
under mild conditions in a non-aqueous one-step procedure, without the
need of secondary dispersion of previously generated polylactide. The
recently developed non-aqueous emulsion polymerization®® could be

predestinated for the polylactide case. This method has proven to be a
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versatile technique for obtaining polymer nanoparticles by polymerizing a
variety of sensitive monomers, e.g. diisocyanates or diacid chlorides.?
Such a non-aqueous emulsion consists of two immiscible inert organic
solvents. The interfacial tension between two organic solvents is lower,
compared to oil-in-water systems. Nevertheless, stabilization can be
achieved through the use of an amphipolar block copolymer. Whereas low-
molecular-weight surfactants, which are used as stabilizing agents in
aqueous emulsion polymerizations, reach the thermodynamic equilibrium
rapidly, block copolymers in many cases do not.!”! Therefore the exchange
rate between unimeric and aggregated block copolymers is very low and
allows the formation of stable micelles in selective solvents.? For example
poly(isoprene)-block-poly(methylmethacrylate) (P1-b-PMMA),
poly(isoprene)-block-poly(ethylene oxide) (PI-b-PEQO) and poly(isoprene)-
block-poly(styrene) (PI-b-PS) copolymers are capable of emulsifying
solvent mixtures containing N,N -dimethylformamide (DMF) or acetonitrile
and n-hexane respectively cyclohexane for days.[ 20 3031 3. 6163, 811 Tpjq
system, as it contains neither protic solvents nor reactive functional groups,
will be applied for the ROP of lactide, catalyzed by the air and moisture
sensitive  N-heterocyclic ~ carbene  1,3-bis(2,4,6-trimethylphenyl)-2-
ididazolidinylidene (SIMes). It will be demonstrated that spherical
monodisperse poly(L-lactide) nanoparticles can be obtained under very mild

conditions.

Experimental Section

General Remarks

All solvents and reagents were purchased from Sigma Aldrich. The Pl-b-PS
copolymer, the PI-b-PMMA copolymer and the PI-b-PEO copolymer were
prepared using a sequential anionic polymerization technique.®®? L-lactide
was washed with diethyl ether in order to remove lactic acid, dried under
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vacuum afterwards and stored in the glovebox at -5 °C. 1,3-bis(2,4,6-
trimethylphenyl)-2-imidazolidinylidene (SIMes) was used as received and
stored under inert atmosphere at -20 °C. 1-Pyrenebutanol was stored under
inert atmosphere at room temperature and was used as received. To
determine the molecular weight distribution (MWD) of polylactide a gel
permeation chromatography (GPC) was carried out at 30 °C using MZ-Gel
SDplus 10E6, 10E4 and 500 columns in tetrahydrofuran (THF) as the eluent
vs. polystyrene standards. The detector was an ERC RI-101 differential
refractometer. The degree of polymerization (DP) of the polylactide
nanoparticles and the composition of the block copolymers were determined
by *H-NMR spectroscopy in dichloromethane (DCM) as the solvent via
end-group analysis respectively peak analysis, using a Bruker Avance
spectrometer operating at 300 MHz. Scanning electron microscopy (SEM)
images were taken using a Zeiss Gemini 912 microscope. The SEM sample
preparation proceeded the following way: the nanoparticles were dispersed
in cyclohexane respectively n-hexane and drop casted on a silica wafer. The
average diameters of the particles visualized in SEM images were
determined by diameter measurements of 100 randomly chosen particles.
Dynamic Light Scattering (DLS) was used to determine the droplet size of
the investigated emulsions and the size of generated polylactide
nanoparticles. The measurements were performed on a Malvern Zetasizer
3000 with a fixed scattering angle of 90° and on an ALV/LSE-5004-

correlator using a He/Ne-laser operating at 632.8 nm.

Typical preparation of Poly(L-lactide) Nanoparticles

PI-b-PEO copolymer (0.050 g) was magnetically stirred in cyclohexane
(14.4 g, 171 mmol) at room temperature. L-lactide (0.076 g, 0.53 mmol)
was dissolved in acetonitrile (0.230 g, 5.59 mmol) and then added dropwise
to the cyclohexane/P1-b-PEO dispersion. The emulsion was formed by

treatment with sonication for 15 min using a Bandelin Sonorex RK255H
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ultrasonic bath operating at 640 W. SIMes (4.68 mg, 15.3 pmol) and 1-
pyrenebutanol (4.20 mg, 15.3 pumol) were dissolved in acetonitrile (0.176 g,
4.29 mmol) and added dropwise to the emulsion under inert atmosphere.
The emulsion was stirred for 15 min at room temperature to produce
poly(L-lactide) nanoparticles. A sample was taken out of the emulsion in
order to analyze the particle size and morphology via DLS and SEM. The
particles of the remaining emulsion were precipitated in methanol and
separated by centrifugation to form 0.26 g of a white solid. The emulsifier
was washed out by repeated centrifugation, redispersion in pure
cyclohexane and washing with methanol afterwards. The DP and the MWD
were determined via *H-NMR spectroscopy respectively GPC after drying

the solid under vacuum.

Results and Discussion

For the ROP of L-lactide, in order to obtain poly(L-lactide) nanoparticles, a
stable non-aqueous emulsion system is introduced, as this system has
already proven to be applicable to water-sensitive polymerizations. %% % 6%
811 Non-aqueous emulsions are prepared by combination of two immiscible
organic solvents and by stabilization of this mixture with an emulsifying
agent. In previous investigations of immiscible organic solvent mixtures we
have concluded that a DMF/n-hexane and an acetonitrile/cyclohexane
mixture, stabilized by a Pl-b-PMMA copolymer, are the most promising
systems for these kind of reactions as they are long-term stable.”® The
combination of solvents and block copolymer leads to the formation of inert
dispersed ‘nanoreactors’, wherein sensitive polymerizations can occur due
to the absence of any protic groups, as they exist neither in the emulsifier
nor in the solvents. Therefore this system should also allow the use of
catalysts suitable for the ROP of L-lactide under mild conditions in non-

aqueous emulsion, as they are all highly air and moisture sensitive.
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However, the catalysts must fulfill two requirements in order to be
applicable to a non-aqueous emulsion. First of all the catalyst must be
highly active below the boiling temperatures of the continuous and the
dispersed phase. Secondly the polymerization must be completed before
Ostwald ripening and cohesion causes inhomogeneous droplet sizes. A rapid
polymerization procedure ensures the formation of particles with a
monomodal particle size distribution. The ROP of L-lactide catalyzed by 4-
dimethylaminopyridine (DMAP)" triazol-carbenest®! and thiourea-amine
derivatives® at ambient temperatures leads to polylactide with high
monomer conversions, yet only after very long reaction times (4 h — 306 h).
Due to their long reaction times, these catalysts are not ideal. In contrast to
that, N-heterocyclic carbenes (NHCs), like 1,3-bis(2,4,6-
trimethylphenyl)imidazole-2-ylidene (IMes) or 1,3-bis(2,4,6-
trimethylphenyl)-2-ididazolidinylidene (SIMes), are able of catalyzing the
polymerization of cyclic esters to polyesters at room temperature within 1
hour.[*™ Thus, these cheap catalysts are highly reactive towards the ROP
of lactide and in addition lead to polylactide with a highly controllable
molecular weight, low polydispersity and a high monomer conversion.[” 8
8] Nevertheless the NHCs lack an inert atmosphere, due to the high air and
moisture sensitivity mentioned above. To utilize the good -catalytic
properties towards the ROP of L-lactide in order to generate poly(L-lactide)
nanoparticles, a non-aqueous emulsion system under inert atmosphere is
needed.

Before the heterogeneous polymerizations were performed a homogeneous
polymerization of L-lactide, catalyzed by SIMes and initiated by 1-
pyrenebutanol, in acetonitrile and DMF was investigated in order to choose
the more appropriate solvent as dispersed phase for the ROP of L-lactide in
non-aqueous emulsion. The polymerization in DMF generated poly(L-
lactide) with a lower molecular weight, compared to the expected molecular
weight derived from the ratio of monomer consumption versus catalyst and

initiator concentration, and a broad MWD (dispersity 2.79). In contrast to
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the result in DMF, the polymerization performed in acetonitrile led to
polymers with the expected molecular weight and lower polydispersity
(dispersity 1.40). This suggested that the polymerization of L-lactide
performed in DMF, in comparison to the polymerization in acetonitrile,
gave an increased amount of side-reactions, like transesterifications.[’* ¢ In
addition, the solubility of polyesters in acetonitrile is better than in DMF.
This is why acetonitrile was chosen as the dispersed phase in non-aqueous
emulsion for the ROP of L-lactide.

Emulsifiers for Non-Aqueous Emulsion Polymerization of L-lactide

We had used PI-b-PMMA copolymers as emulsifiers for non-aqueous
emulsions to obtain a variety of different polymer nanoparticles.t® 3031 3. 61-
63. 811 Unfortunately, the attempt of polymerizing L-lactide in non-aqueous
emulsion, emulsified by this copolymer, did not result in dispersed poly(L-
lactide) nanoparticles. A strong interaction of the electron-rich carbene
group of the catalyst SIMes and the electrophilic ester group of the PMMA
block was believed to be the reason for the unsuccessful polymerization
attempt. Nevertheless, we want the catalyst to strongly interact with an ester
group, since L-lactide also possesses ester groups. Therefore new
emulsifiers had to be applied for the existing system. It was demonstrated
that PI-b-PS copolymers are capable of emulsifying DMF/n-hexane

(200 Maximum emulsifying efficiency was achieved with

mixtures.
copolymers of a molecular weight from 30000 — 40000 g - mol™ and a Pl-to-
PS ratio of 1:1.°% In general high molecular weights of block copolymers as
emulsifying agents are essential, since low interfacial tensions reign
between two organic solvents in an oil-in-oil emulsion (O/O emulsion). As
the polymerization of L-lactide in DMF didn’t lead to well-defined poly(L-
lactide), an n-hexane/acetonitrile mixture, emulsified by a PI-b-PS
copolymer, was investigated. Therefore DLS measurements of emulsions
with various block copolymer amounts were conducted in order to

determine the size of the ‘nanoreactors’, wherein the polymerization takes
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place. The PI-b-PS copolymer has a number average molecular weight of
35000 g'mol™ (dispersity 1.04) and a molar block composition of 50% PI
and 50% PS (DPp; = 198, DPps = 199). All DLS measurement of a n-
hexane/acetonitrile mixture stabilized with different amounts of the PI-b-PS
copolymer (0.8 — 3.2 wt-%) showed an existence of acetonitrile
‘nanoreactors’ with an average diameter of 36 nm in the continuous phase
n-hexane. A stabilization of an alternative cyclohexane/acetonitrile mixture
with the PI-b-PS copolymer, in order to avoid n-hexane and its
canceroganic, mutagenic and toxic to reproduction (CMR) properties, could
not be achieved as polystyrene is soluble in both cyclohexane and
acetonitrile. Therefore we synthesized a PI-b-PEO copolymer. This block
copolymer allowed us to perform the lactide polymerization also in a
cyclohexane/acetonitrile mixture as poly(ethylene oxide) is more polar than
polystyrene and therefore insoluble in cyclohexane. The generated PI-b-
PEO copolymer has a number average molecular weight of 45700 g-mol™
(dispersity 1.06) and a molar block composition of 55% Pl and 45% PEO
(DPpy = 441, DPpgo = 357). In order to perform the polymerization in a non-
aqueous emulsion with the lowest possible amount of stabilizing agent, we
investigated cyclohexane/acetonitrile mixtures stabilized by various
amounts of PI-b-PEO copolymer (0.010 — 0.200 g). The mixtures constisted
of cyclohexane (14.4 g, 171 mmol), acetonitrile (0.230 g, 5.59 mmol) and
were emulsified by stirring and sonication after the addition of emulsifier.
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Figure 4.1.1. DLS measurement of 0.406 g acetonitrile dispersed in 14.4 g cyclohexane
using a PI-b-PEO copolymer (left to right: 0.010 g, 0.020 g, 0.030 g, 0.040 g, 0.050 g,
0.100 g, 0.200 g) as emulsifier. Stirring and ultrasonification of the mixture led to
emulsion.

The results of the DLS measurements proved the formation of stable
emulsions with 0.34 wt-% of stabilizing agent or higher (0.050 — 0.200 g of
PI-b-PEO in our experiments; Figure 4.1.1). The average droplet diameter
of the acetonitrile ‘nanoreactors’ measured 72 nm. A block copolymer
amount lower than 0.34 wt-% led to both an increase of the droplet size and
an increase of the droplet size distribution (Figure 4.1.1). This fewer amount
of block copolymers in the mixture leads to an insufficient stabilization of
the interfacial tension between the dispersed droplets with a droplet size of
72 nm. Due to the previously shown DLS results in Figure 4.1.1 a non-
aqueous emulsion with 0.34 wt-% of PI-b-PEO copolymer was used for the
polymerization of L-lactide. This system and the PI-b-PS copolymer
stabilized system was believed to generate poly(L-lactide) nanoparticles,

since SIMes is selectively soluble in the dispersed acetonitrile phase. The
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preparation of dispersed poly(L-lactide) nanoparticles in non-aqueous

emulsion is shown schematically in Figure 4.1.2 for the PI-b-PEO case.

Cyclohexane Micelle formation Emulsion of

[Acetonitrile/L-Lactide] in Cyclohexane

PLb-PEO o
) Acetonitrile
—_—> _>
formation of
_nanoreactors”

1-Pyrenebutanol/SIMes
+

Diffusion of catalyst
and intiator into the

nanoreactors” Acetonitrile

Dispersed

(SR L Y nanoparticles

w Polymerization o
“ ©

Figure 4.1.2. Preparation of poly(L-lactide) nanoparticles in non-aqueous emulsion.

L-lactide was dissolved in the polar organic solvent (acetonitrile) and
emulsified in the nonpolar organic solvent (cyclohexane). The diffusion of
SIMes and 1-pyrenebutanol into the dispersed droplets started the
polymerization. The obtained poly(L-lactide) nanoparticles were
investigated by DLS and SEM measurements. To determine the DP and the
MWD by *H-NMR spectroscopy respectively GPC the particles were finally
precipitated in methanol, centrifuged and redissolved in DCM respectively
THF. The precipitated poly(L-lactide) nanoparticles were well-redispersable
in cyclohexane, since, according to DLS measurements, no aggregation

occurred.

Table 4.1.1. Experimental conditions and results of the preparation of poly(L-lactide) in
non-aqueous emulsion.

M/Cat/l DP(theo)

d
Sample N DPexpy @ MWD @

a)
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1 18:1:1 35 35 1.10 70+6  46+26

2 25:1:1 50 49 1.23 72+ 2 -

3 35:1:1 70 78 1.11 70+7 53+6
49 35:1:1 70 48 1.15 106 +3 -
59 35:1:1 70 57 1.24  86+11 -
6" 35:1:1 70 - - 36 -

Emulsion: Acetonitrile (0.406 g) dispersed in cyclohexane (14.4 g) stabilized by PI-b-PEO
(0.050 g); Polymerization: L-lactide (0.076 g) + 3-6 mol-% SIMes + 3-6 mol-% 1-

pyrenebutanol at ambient temperature for 15 min.

a)

b)
©)

d)

€)
f)

9)

h)

Monomer/Catalyst/Initiator ratio (n(L-lactide) / n(SIMes) / n(1-
pyrenebutanol));

Degree of polymerization; calculated for one end-group per chain;
Degree of polymerization; determined by end-group analysis from *H-
NMR spectroscopy;

Molecular-weight distribution determined via GPC vs polystyrene
standards;

Hydrodynamic diameter determined via DLS;

Hydrodynamic diameter determined via DLS after removal of the
emulsifier;

Stabilization of the emulsion by a PI-b-PS copolymer (0.200 g) in n-
hexane as the continuous phase;

Stabilization of the emulsion by a Pl-b-PMMA copolymer (0.200 g) in
n-hexane as the continuous phase.

As shown in Table 4.1.1, L-lactide was successfully polymerized by non-

aqueous ring-opening emulsion polymerization using SIMes as catalyst,

1-pyrenebutanol as initiator, acetonitrile as the dispersed phase, n-hexane or

cyclohexane as the continuous phase and a PI-b-PS respectively Pl-b-PEO

copolymer as emulsifier. The molecular weights of poly(L-lactide) derived

from GPC measurements against polystyrene standards correlated with the

DPs derived from 'H-NMR spectroscopy taking the Mark-Houwink

constants into account.
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Poly(L-lactide) Nanoparticles Stabilized by P1-b-PS copolymer

The polymerization in non-aqueous emulsion stabilized by a PI-b-PS
copolymer led to polylactide with a narrow MWD (as low as 1.15), but a DP
lower than the one derived from the ratio of the monomer consumption
versus catalyst and initiator concentration (Table 4.1.1). 'H-NMR
spectroscopy of poly(L-lactide) in the PI-b-PS copolymer stabilized
emulsion offered a mean monomer conversion of 0.87, what is conform to
the resulted DP. Prolonging the reaction time from 15 min to 30 min in
order to generate poly(L-lactide) with a DP correlating to the calculated DP
and therefore yield a higher monomer conversion wasn’t successful, since
this catalyst also catalyzes transesterification reactions.®™ The
poly(L-lactide) nanoparticles possessed a size of roughly 100 nm, as derived

from DLS measurements.

Figure 4.1.3. SEM micrograph of poly(L-lactide) nanoparticles synthesized in non-aqueous
emulsion stabilized by a PI-b-PS copolymer; the mean particle size determined by SEM
(based on 100 randomly chosen particles) was 100 nm (x 8 nm).
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The particle size derived from DLS measurements correlated with the
particle size determined from SEM micrographs (Figure 4.1.3). This
demonstrates that the poly(L-lactide) nanoparticles are well-dispersed by the
Pl-b-PS copolymer in n-hexane and that its possible influence on the
measured diameters was to be neglected. As can be seen in Figure 4.1.3, the
SEM micrograph showed monomodal spherical particles with a smooth
surface. Due to the exclusive solubility of SIMes inside the dispersed
acetonitrile ‘nanoreactors’ a spherical shape of generated poly(L-lactide)
resulted. 'H-NMR characterization of the obtained polymers after
precipitation confirmed a coating by the PI-b-PS copolymer. The emulsifier
shell provides the possibility to redisperse the obtained nanoparticles in a

nonpolar solvent and therefore assures long-term stability.

Poly(L-lactide) Nanoparticles Stabilized by PI-b-PEO copolymer

The poly(L-lactide), generated by polymerization in non-aqueous emulsion
stabilized by a P1-b-PEO copolymer, always possessed a DP that correlated
with the calculated one. The synthesis of poly(L-lactide) with 35, 50
respectively 70 repeating units of L-lactide was demonstrated in this non-
aqueous emulsion system. In order to generate poly(L-lactide) with higher
DPs, we performed homopolymerizations of L-lactide. Unfortunately we
weren’t able to synthesize poly(L-lactide) with a higher DP than 90, which
is conform to previous works of other research groups.® The monomer
conversion in the non-aqueous emulsion polymerization process was almost
guantitative (yield = 99%) as derived from 'H-NMR spectroscopy. The
achieved conversion is similar to the lactide conversions in catalyst systems
known from the literature.l” The poly(L-lactide) nanoparticles uniformly
measured an approximate size of 70 nm, determined from DLS
measurements, which in addition was independent from the DP of

poly(L-lactide) within the particles.
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Figure 4.1.4. SEM micrographs of poly(L-lactide) nanoparticles synthesized in non-
aqueous emulsion stabilized by a PI-b-PEO copolymer; a: SEM micrograph of poly(L-
lactide) nanoparticles before washing with a mean particle size of 65 nm (£ 5 nm)
determined by SEM (based on 100 randomly chosen particles); b: SEM micrograph of
poly(L-lactide) nanoparticles after washing with a mean particle size of 44 nm (x 6 nm)
determined by SEM (based on 100 randomly chosen particles).

The particle morphology could be derived from SEM measurements (Figure
4.1.4). The particle size derived from DLS was similar to the one derived
from the SEM micrographs. The slightly smaller value determined from
SEM micrographs originated from measuring a hydrodynamic diameter in
DLS. This small deviation shows that the poly(L-lactide) nanoparticles are
well-dispersed in cyclohexane by the PI-b-PEO copolymer. The particles
were spherical, possessed a smooth surface and were very monomodal. The
spherical shape of the obtained nanoparticles led to the conclusion that the
polymerization proceeded exclusively inside the dispersed droplets (Figure
4.1.2). As mentioned in the experimental part, we were able to wash the
emulsifier off the particles as confirmed by *H-NMR spectroscopy. In
Figure 4.1.4 the SEM micrographs of the poly(L-lactide) nanoparticles
before (a; left) and after (b; right) washing are shown. Due to the washing
process the size of the particles, which remained spherical, significantly

decreased by roughly 20 nm as confirmed by DLS measurement.

It was demonstrated that with each non-aqueous emulsion system, stabilized

by a P1-b-PS respectively a PI-b-PEO copolymer, spherical poly(L-lactide)
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nanoparticles could be generated under very mild conditions. The molecular
weight could be altered by varying the ratio of the monomer consumption
versus catalyst and initiator concentration. The polydispersity, determined
via GPC, was as low as 1.10 as expected from a chain-growth
polymerization. This implies a controlled formation of L-lactide particles in
non-agqueous emulsion, concerning the well-defined poly(L-lactide) within
the obtained monomodal spherical nanoparticles. The spherical shape arises
from the selective solubility of SIMes in the dispersed phase, which
indicates a miniemulsion mechanism. However, as a diffusion of L-lactide
through the continuous phase during the polymerization, which indicates an
emulsion polymerization, cannot be excluded, the mechanism cannot be

unambiguously assigned to either the one or the other mechanism.

The presented method is the first step in new polylactide chemistry.
Concerning biomedical applications, as one potential application, aqueous
suspensions of polylactide are needed. Therefore further developments like
water-solubilization are necessary. It is conceivable for the already in
emulsion existing polylactide nanoparticles to be modified with a
hydrophilic shell or targeting functions for specific desired applications in
the same pot, since the synthesis of core-shell particles was already
demonstrated in previous works.®® An additional possibility poses the
hydrophilization of polylactide particles by embedding them into a shell of
charged amphiphilic block copolymers, as described for hydrophobic

inorganic particles.'®”

Conclusion

Up to now polylactide nanoparticles have been accessible only by two-steps
procedures. After polymer formation, the particles are obtained through
nanoprecipitation or the high-pressure emulsification and solvent

evaporation method in a separate step.!’”®! Polylactide nanoparticles are
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also not accessible through aqueous emulsion polymerization due to the
water sensitivity of the required catalysts. The non-aqueous emulsion has

already proven its applicability towards many sensitive reactions® 303 3. 61-

6. 81 and is herein applied for the preparation of poly(L-lactide)
nanoparticles by ring-opening polymerization (ROP) in one step. A non-
aqueous emulsion system, containing acetonitrile dispersed in either
cyclohexane or n-hexane, is stabilized by a PI-b-PEO respectively a PI-b-PS
copolymer. Within both systems spherical poly(L-lactide) nanoparticles can
be generated by catalyzing and initiating L-lactide with SIMes respectively
1-pyrenebutanol at ambient temperature. In the PI-b-PEO copolymer
stabilized system well-dispersed spherical particles with an average
diameter of 70 nm are generated in one-step. The molecular weight of
poly(L-lactide) can be altered by varying the monomer consumption to the

catalyst and initiator concentration.

The herein presented method should be suitable for further modifications. A
preparation of hybrid nanoparticles by surrounding the particles with a
second polymer shell, as already  demonstrated for polyurethane

particles™ will be likely achievable in the same pot.

Polylactide is also widely used in pharmaceutical applications due to its
biodegradability and biocompatibility mainly as potential drug carrier.[%*4
The mild conditions applied in the non-aqueous emulsion should offer the
opportunity to incorporate temperature sensitive drugs already during the
formation of the particles. Furthermore, the use of reactive groups either in
the emulsifier or in comonomers should be permitted, which will allow the
postfunctionalization of the beads by drugs, dyes or peptides. Therefore, we
expect that this new approach of producing poly(L-lactide) nanoparticles
under water-free and mild conditions expands the portfolio of carrier
systems and will have the potential of finding applications in biomedical

fields.
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Abstract

Polypeptides are successfully incorporated into poly(L-lactide) (PLLA)
chains in a ring-opening polymerization (ROP) of L-lactide by using them
as initiators. The resulting ABA triblock copolymers possess molecular
weights up to 11000 g'mol™ and polydispersities as low as 1.13, indicating
the living character of the polymerization process. In a non-agueous
emulsion, peptide-initiated polymerization of L-lactide leads to well-defined
nanoparticles, consisting of PLLA-block-peptide-block-PLLA copolymer.
These nanoparticles are easily loaded by dye-encapsulation and transferred
into aqueous media without aggregation (average diameter of 100 nm) or
significant dye leakage. Finally, internalization of
PLLA-block-peptide-block-PLLA  nanoparticles by HelLa cells is
demonstrated by a combination of coherent anti-Stokes Raman spectroscopy
(CARS) and fluorescence microscopy. This demonstrates the promise of

their utilization as cargo delivery vehicles.

Introduction

Polymer-based carrier systems have been extensively developed over the
past decades. Vehicles having micellar structures are usually generated by
immersion and self-assembly of amphiphilic block copolymers in aqueous
medium. A drug can be either encapsulated in the micelle or covalently
attached to the block copolymer.[®® 997 |ts release occurs at specific target
site owing to environmental effects.l®®! Recently, Landfester et al. generated
a cargo delivery system based on nanocapsules in an oil-in-oil
miniemulsion.!”) There, the polyaddition reaction of toluene diisocyanate
and a diamine at the oil droplet interface led to the formation of polyurea
nanocapsules, which after transfer into aqueous media measured diameters

ranging from 210 nm to 780 nm. The diamine group contains a

37



Results and Discussion

glycine/phenylalanine-based (GFF) linker’?), which is cleavable by the

proteinase trypsine, found mainly in the human digestive system.

Over the last decade intensive research has been undertaken concerning
peptides that are cleavable by proteinases, which are overexpressed at the
invasive front of tumor tissues.’®® %1% Harris et al. used such a peptide as
linker between a hydrophilic polymer and a magnetofluorescent

[101]

nanoparticle. The hydrophilic polymer veils the cell-internalizing

domain of the nanoparticle. Cleavage of the peptide-linker leads to a

selective accumulation of the nanoparticle in tumor tissues.™™

Despite the progress in this field, particularly concerning the versatility of
incorporated peptides, challenges remain regarding the stability of
encapsulated cargo and particle aggregation. Specifically, incorporation of
water-sensitive drugs into micellar vehicles, which originate from self-
assembly processes in water, might be detrimental to the drug therefore
necessitating non-aqueous processes.['® Cargo delivery vehicles originating
from organic solvents often suffer from aggregation resulting in increased
particle sizes after their transfer into water.[) Aggregation of particles can
obstruct their application as drug carrier system since particle sizes near 100
nm are ideal™®1%!: particles larger than 200 nm undergo clearance from the
blood stream by Kupffer cells while particles smaller than 100 nm suffer
from drainage into blood capillaries and are associated with potential
toxicity.['**1%! For delivery systems based on selective accumulation of
particles in tumor tissues after cleavage of a peptide sequence, drug-release
might be hindered due to complete hydrophobicity of the carriers after

peptide-cleavage, resulting in aggregation.™*”!

Hence, there is still need for new concepts and processes concerning

nanocarrier formation. We explore the use of polypeptide-polylactide latex
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particles as carrier system by applying new polylactide chemistry.
Bifunctional polypeptides should initiate the lactide polymerization and
finally lead to the generation of polylactide-polypeptide-polylactide triblock
structures. Poly(L-lactide) (PLLA) is widely applied in biological fields
since it is biodegradable, biocompatible and renewable.®*% 70 1081 gy
non-aqueous emulsion system has previously been shown to be compatible
with an air- and moisture-sensitive polymerization of L-lactide, and to lead
to well-defined spherical PLLA nanoparticles.*® As such, the particles are
expected to be suitable even for incorporation of water- and temperature-
sensitive compounds. Besides incorporation of bifunctional peptide in a
biodegradable polymer backbone through a single step polymerization at
ambient temperature, additional challenges like preservation of the usual
approximate particle size of 100 nm in aqueous media and the observation

of complete cell-internalization remain.

Results and Discussion

The ring-opening polymerization (ROP) reactions of L-lactide in the
presence of a bifunctional peptide as initiator were at first performed in
solution in order to completely characterize the polymer composite. The
polymerization was subsequently conducted in non-aqueous emulsion to
investigate the morphology of the obtained poly(L-lactide)-block-peptide-
block-poly(L-lactide) (PLLA-b-peptide-b-PLLA) nanoparticles. Finally the
particles were transferred into agueous media in order to study their
internalization in cells, which was followed using the fluorescent marker
PMI (9-Bromo-N-(2,5,8,11,15,18,21,24-octaoxapentacosan-13-yl)perylene-

3,4-dicarboxy monoimide).
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So far, incorporation of peptides in polylactide chains has been carried out
in three sequential polymerization steps at elevated temperatures.**! In
contrast, the approach presented here permits formation of
PLLA-b-peptide-b-PLLA copolymers at ambient temperature and in a
single step. The peptide consists of two serine end groups as initiating
groups and tryptophane spacer groups (Ac-SWWWWWS-NH,). Both serine
groups, each bearing one hydroxyl group, should selectively initiate the
polymerization of L-lactide, since they are the most nucleophilic groups in
the peptide (Scheme 4.2.1). In addition, potential competing indol-units,
contained in tryptophane, are proven to not initiate the lactide

p0|ymerization.[110-111]

Tryptophane signals in *HNMR spectroscopy do not superimpose with the
serine signals. This simplifies the determination of a successful peptide-

incorporation in a polylactide chain.

NN 0
s ey
.:JNaPeptide\;NH\ » HlO,L+ N,Peptlde\n)\lgih»-olH

H H on H 0 o In

@]
2n \Hlo HzN
Oy o 0

o

Scheme 4.2.1. Reaction scheme of the peptide initiated L-lactide polymerization.

Homopolymerizations of L-lactide with SIMes as catalyst and Ac-
SWWWWWS-NH, as initiator were performed. The polymerization
conditions and the molecular weight of the obtained polymers are denoted in
Table 4.2.1.

Table 4.2.1. Experimental conditions and results of the preparation of PLLA-b-peptide-b-
PLLA copolymers in solution (1-2) and in non-aqueous emulsion (3-4).

Dy © D" 0
sample WG Mgey Moy MWD 51 gy (semy €8
[%]

[nm] [nm]

1 35:2:1 5000 5500 1.38 - - -
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2 70:2:1 10000 11000 1.25 - -
3 35:2:1 5000 6400 131 75+2 76+14 99

30" 6300  1.29 1%‘81 103+8 -
49 35:2:1 5000 5500 141 79+10 79+10 92
K) i) 135+ 121 + i
4a 6600 1.13 20 14
4pP" 7500 114 98+15 89+8 -

Homopolymerization: L-lactide (0.076 g) + 3-6 mol-% SIMes + 0.7-3 mol-

% Ac-SWWWWWS-NH, were dissolved in acetonitrile (0.406 g) and

stirred at ambient temperature for 15 min.

Emulsion: Acetonitrile (0.406 g) dispersed in cyclohexane (14.4 Q)

stabilized by PI-b-PEO (0.050 g); Polymerization: L-lactide (0.076 g) + 6

mol-% SIMes + 3 mol-% Ac-SWWWWWS-NH, + 8.10-10° — 4.44-10

mol-% PMI at ambient temperature for 15 min.

2 monomer/catalyst/initiator ratio (n(L-lactide) / n(SIMes) / n(peptide));

b) " theoretical molecular weight calculated from the ratio of monomer to
initiator;

9 number-averaged molecular weight determined via GPC vs polystyrene

standards;

molecular weight distribution determined via GPC vs polystyrene

standards;

®  hydrodynamic diameter determined via DLS;

" particle diameter determined by measurement of 100 randomly chosen
particles in SEM micrographs;

9 encapsulation efficiency determined via HPLC;

" particles dispersed in 0.2-wt% Lutensol AP 20 solution;

f) particles dispersed in 0.05-wt% Lutensol AP 20 solution;

) polymerization conducted in the prior presence of 8.10- 10°° mol-% PMI;

) polymerization conducted in the prior presence of 4.44-10° mol-% PMI.

d)

According to the data shown in Table 4.2.1, the polymerization of L-lactide
with Ac-SWWWWWS-NH, as initiator was successful with an overall
monomer conversion of 99%, as derived from *HNMR spectroscopy. The
molecular weights derived from gel permeation chromatography (GPC)
measurements against polystyrene standards always conformed to the
expected molecular weight taking the Mark-Houwink constants into
account, (88 Sample 2 possessed a molecular weight of 11000 gmol™. This
represents a degree of polymerization (DP) of 160, suggesting
approximately 80 repeating units per hydroxyl group. The overall molecular

weight of sample 2 exceeds the reported maximum for polylactide
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originating from polymerizations with monofunctional initiators and SIMes
catalyst (DP < 100, molecular weight of 7200 g-mol™)."* 1% Hence, higher
molecular weights were achieved owing to the bifunctional structure of the

initiating peptide.

The GPC always showed low polydispersity and a monomodal peak without
any shoulder indicating initiation of the polymerization by both hydroxyl
groups contained in the peptide. To further corroborate the centered position
of the peptide in the chain *HNMR and diffusion ordered spectroscopy
(DOSY) measurements were performed. DOSY proved the covalent
attachment of the peptide to the polymer. Investigations of the peptide
before and after the polymerization by *HNMR spectroscopy indicated a
significant chemical downfield shift of the signals of the methylene groups
in both serine units. Taken together, these results demonstrate the reaction
of both serines in the lactide polymerization and strongly suggest
incorporation of the peptide as the linker between two PLLA chains.

After the successful homopolymerization and structural analysis of the
resulting polymer in solution, L-lactide was polymerized in non-aqueous
emulsion (Samples 3 and 4 in Table 4.2.1), according to Scheme 4.2.2. The
non-agqueous emulsion consisted of acetonitrile dispersed in cyclohexane.
Stabilization was achieved by the addition of a PI-b-PEO copolymer as
emulsifier with a number-average molecular weight of 45700 g-mol™
(dispersity 1.06) and a molar block composition of 55% Pl and 45% PEO
(DPpy = 441, DPpgo = 357).
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. Ision of
(LHactide emu !
cyclohexane micelle formation + [acetqn\trlle/L-Iactlde/PM\]
PMI in cyclohexane
PI-b-PEOQ + 3
N acetonitrile
_—
formation of
,hanoreactors®
peptide
diffusion of catalyst +
and initiator into the SIMes
,hanoreactors® +
labeled labeled acetonitrile
PLLA-b-peptide-b-PLLA PLLA-b-peptide-b-PLLA
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el > 7@
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Scheme 4.2.2. Preparation of peptide-initiated, PMI-loaded PLLA-b-Peptide-b-PLLA
nanoparticles in non aqueous emulsion and the transfer of these particles into aqueous
media.

The monomer conversion in non-aqueous emulsion was 99%, as derived
from 'HNMR spectroscopy. The molecular weight correlated with the
expected value. Again, a significant downfield shift of the methylene-
signals after the polymerization was observed by *HNMR spectroscopy. The
PLLA-b-peptide-b-PLLA  nanoparticles  uniformly  possessed  an
approximate diameter of 80 nm, as determined from DLS measurements
(Table 4.2.1). To investigate the morphology of the obtained particles, SEM
measurements were performed (Figure 4.2.1 a-b).
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—-—
100 nm

Figure 4.2.1. Typical SEM micrographs of PLLA-b-peptide-b-PLLA nanoparticles
prepared in non-aqueous emulsion (a-b) and after transfer into aqueous media (c-d).

Because of the selective solubility of SIMes in the dispersed acetonitrile
phase, which partitions into the pre-existing micelles, formation of particles
in “nanoreactors” is expected. The largely monodisperse nanoparticles were
spherical and possessed a smooth surface, confirming that polymerization
must have proceeded exclusively inside the dispersed “nanoreactors”. A
particle diameter of roughly 80 nm was determined from SEM micrographs
(Figure 4.2.1 a-b), which matches the values resulting from DLS
measurements. The matching particle sizes indicate that the PI-b-PEO
copolymer is able to disperse the PLLA-b-peptide-b-PLLA nanoparticles in

cyclohexane very well.

The hydrophobic particles were transferred into aqueous media, namely a
0.05 — 0.2 wt-% Lutensol AP 20 solution, in order to perform cell
experiments. Lutensol AP 20 is a PEG-based surfactant. Stabilization of the
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nanoparticles in water is achieved through hydrophobic interactions
between the surfactant and the polyisoprene block of the emulsifier. The
amphiphilic surfactant ensures that the particles remain well-dispersed

despite any degradation process within the particle itself.

The determined particle diameters from SEM micrographs were in the range
of 100 nm — 120 nm (Figure 4.2.1 c-d, Table 4.2.1: Sample 3a, 4a, 4b).
These values are consistent with the results from DLS measurement
(particle size 100 nm - 130 nm), since in DLS the hydrodynamic diameter is
obtained. Hence, only a slight diameter-increase was observed after transfer
of the particles into aqueous media. The increase can be explained by the
presence of an additional surfactant shell, compared to the particles in non-
aqueous emulsion, as well as possibly the merging processes of the
particles. Large aggregates of particles could be excluded, since the DLS
results always showed only one monomodal peak. Indeed, SEM
micrographs (Figure 4.2.1 c-d) corroborate that the nanoparticles do not
substantially aggregate in agueous media. Aggregations observed in the
SEM micrographs may be explained by the drying process during sample
preparation. Nevertheless, the perfectly spherical shape of some particles
vanished (Figure 4.2.1 c). This was presumably caused by merging of the
particles after surfactant-stabilization in water, which led to a slightly

broader particle diameter distribution (Table 4.2.1, Sample 3a, 4a, 4b).

As described in the experimental part (Supporting Information) the
PLLA-b-peptide-b-PLLA nanoparticles were labeled by adding a strongly
fluorescent PMI dye to the monomer solution before the polymerization
(Figure 4.2.2, right). This dye is chemically inert towards the
polymerization, possesses outstanding photochemical as well as thermal

stability and is selectively soluble in the dispersed phase.[**>**®! This should
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lead to an encapsulation of the dye after polymerization of L-lactide in non-

aqueous emulsion.

Figure 4.2.2. TPEF image of a single nanoparticle (left); chemical structure of the
encapsulated PMI dye (right).

Two-photon fluorescence (TPEF) images of dried nanoparticle samples
were recorded at several positions in the sample resulting in an average
diameter of 166 nm, which is essentially the diffraction-limited resolution of
the imaging system based on the NA of the objective (1.49) and an emission
wavelength of 545 nm (Figure 4.2.2, left). The results from DLS showing a
narrow monomodal peak between 100 nm and 130 nm combined with the
size from TPEF images confirms that particles are well dispersed in

solution.

In order to determine the encapsulation efficiency of the particles, the dye
concentration was determined through HPLC analysis. Encapsulation

efficiencies up to 99% were obtained (Table 4.2.1). This was confirmed by
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UV/Vis-spectroscopy measurements of methanol solutions, wherein the
precipitation occurred. Such high degrees of loading, taken together with the
ideal size of roughly 100 nm, demonstrate the suitability of these

PLLA-b-peptide-b-PLLA nanoparticles as cargo delivery vehicles.

To assess the applicability of these particles as drug delivery vehicles, their
uptake in HelLa cells following a 12-hour incubation period was
investigated. A combination of TPEF with coherent anti-Stokes Raman
scattering (CARS) microscopy was employed.™! CARS is label-free,
multiphoton microscopy technique that derives contrast from the inherent
chemistry of the sample. Two photons of different energies, a pump photon
(wpump) and Stokes photon (mstokes) €XCite a vibrationally resonant mode in a
sample, and a third (probe) photon (wprobe) IS inelastically scattered off this
excitation at the CARS wavelength. The CARS wavelength is blue-shifted
relative to all lasers (wcars = ®probe = Mstokes + Wprobe), Which facilitates signal
detection. CARS has been used use for three dimensional imaging of
polymer blends™® and cellular imaging in numerous studies.[*¢]
Because CARS is a non-linear microscopy technique, it has XY resolution
similar to multiphoton fluorescence in lateral plane (~200 nm with

appropriately nigh NA objectives) and provides inherent axial sectioning.

CARS was used to provide three-dimensional visualization of the cells
based on the local concentration of carbon-hydrogen (CH) vibrations
(vibrational energy = 2845 cm™), which are abundant in lipids and organelle
membranes. This corresponds to laser wavelengths of 817 nm for the pump
(and probe) and 1064 nm for the Stokes. TPEF, primarily from the 817 nm
excitation, was simultaneously used to image the particles, also three

dimensionally, within the cells. The combination of CARS with multi-
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photon effects has previously been successfully employed for the

localization of nanoparticles of different composition in living cells, 9%

Controll-experiments showed that HeLa cells solely provided a relatively
minimal auto-fluorescence compared to nanoparticles, allowing us to

selectively image the particles with TPEF in cells.

Figure 4.2.3. (a) and (b): Lateral and axial projections of overlayed CARS (red) and TPEF
(green) of HelLa cells incubated for 12h with PLLA-b-peptide-b-PLLA
nanoparticle-containing medium. Axial projections (right and below each lateral image)
show the YZ and XZ localization of nanoparticle (circled in yellow) within the depth of the
cell. In both cases, the fluorescent response of the particles is entirely found within the cell
boundaries, demonstrating successful internalization. These projections were reconstructed
from a three-dimensional stack with dimensions of 72 x72 pm? and slice spacing of 210
nm.

The intensity of the CARS response is presented in red, outlining the
cellular components (Figure 4.2.3). The fluorescent response of
nanoparticles (green) is visible in the XY projection of panels a and b,
respectively. Axial projections of the particles (circled in yellow) are also
presented to the right and below each XY image. Comparison of the three-
dimensional localization of the particles relative to the three dimensional

cellular outline from CARS allows for direct determination of cellular
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uptake versus particle adhesion to the cell surface. As shown in the YZ and
XZ projections, the circled particles are entirely contained within the
boundaries of the cells. Combined with the XY images, this demonstrates
complete internalization of the PLLA-b-peptide-b-PLLA nanoparticles into

HeLa cells within 12 hours.

In the investigated cells ~ 50% of the nanoparticles were completely
internalized by the cells. In the remaining cases a determination, whether
the internalization was complete or the particles were adsorbed to the cell
surface was not possible due to the limited axial resolution of the applied
technique. In all uptake experiments performed, the fluorescent features
found in cells had lateral dimension between 300 and 500 nm, with an axial
dimension of ~ 1 um, which is larger than the size of a single particle
(~ 100 nm). This suggests that either cells could be packaging particles into
aggregates during internalization or that particles aggregated in the cell

culture medium.

Details of cellular uptake via real-time monitoring will be explored. The
challenges like size-preservation after transfer of the particles into aqueous
medium, observation of complete cell-internalization and in particular
incorporation of peptide into polymer chains of polylactide nanoparticles
were solved. The presented method should even be suitable for
incorporation of a variety of bioactive peptides. Selectively cleavable
peptides, as one example, may act a predetermined breaking point. Its site-
selective cleavage should lead to the generation of additional diffusion
pathways for the encapsulated species out of the carrier concurrent with an
accelerated degradation of the biodegradable polylactide itself. In this way
possible obstacles such as poor drug-release, especially for these high

encapsulation efficiencies, may be circumvented.
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Conclusion

It was demonstrated that bifunctional peptides are able to initiate the ROP of
lactide, catalyzed by SIMes, in solution and in non-aqueous emulsion. The
polymerization of lactide led to bioinspired PLLA-b-peptide-b-PLLA
triblock structures with number averaged molecular weights up to 11000
g'mol™ and PDIs as low as 1.13. The formation of well-defined spherical
PLLA-b-peptide-b-PLLA  nanoparticles was readily achieved in
non-agqueous emulsions in one step at ambient temperatures. The generated
particles possessed an average diameter of roughly 80 nm and an
encapsulation efficiency of up to 99% for a PMI dye. These labeled particles
were transferred into aqueous media without aggregation, resulting in
particle sizes of approximately 100 nm. In order to assess the efficacy of
these hydrophilized nanoparticles as cargo carrier system, their uptake in
HeLa cells was investigated. Selective imaging of the
PLLA-b-peptide-b-PLLA particles was possible by a combination of CARS
spectroscopy and fluorescence microscopy and proved complete
internalization of the loaded nanoparticles. The formation of biodegradable
PLLA-b-peptide-b-PLLA copolymer in a moisture sensitive reaction, the
high encapsulation efficiency of the generated particles, their ideal size after
transfer into aqueous medium and the successful cell uptake imply these

particles are promising drug delivery vehicles.

50



Results and Discussion

4.3 Polylactide-block-Polypeptide-block-Polylactide

Copolymer Nanoparticles with Tunable Cleavage

and Controlled Drug Release

Authors:

Robert Dorresteijn, Nils Billecke, Mischa Schwendy, Sabine Pitz, Mischa

Bonn, Sapun H. Parekh, Markus Klapper, Klaus Millen

ToC:

PLLA-b-Peptide-b-PLLA

Drug Release

Published in:

Advanced Functional Materials

Cover Page:

(Reprinted with permission from (Adv. Funct. Mater., 2014, 24, 4026-
4033.) Copyright (2014) John Wiley and Sons.)

51



Results and Discussion

Abstract

We present a versatile nanoparticle system in which drug release is triggered
by enzymatic polymer cleavage, resulting in physicochemical change of the
carrier. The polylactide-block-peptide-block-polylactide triblock copolymer
is generated by initiation of the ring-opening polymerization of L-lactide
with a complex bifunctional peptide having an enzymatic recognition and
cleavage site (Pro-Leu-Gly-Leu-Ala-Gly). This triblock copolymer is
specifically bisected by matrix metalloproteinase-2 (MMP-2), an enzyme
overexpressed in tumor tissues. Triblock copolymer nanoparticles formed
by nonaqueous emulsion polymerization are readily transferred into aqueous
medium without aggregation, even in the presence of blood serum.
Cleavage of the triblock copolymer leads to a significant decrease of the
glass transition temperature (Ty) from 39 °C to 31 °C, likely mediating
cargo-release under physiological conditions. Selective drug targeting is
demonstrated by hampered mitosis and increased cell-death resulting from
drug-release via MMP-2 specific cleavage of triblock copolymer carrier. On
the contrary, nanocarriers having a scrambled (non-recognizable) peptide
sequence do not cause enhanced cytotoxicity, demonstrating the enzyme-
specific cleavage and subsequent drug release. The unique physicochemical
properties, cleavage-dependent cargo release, and tunability of carrier
bioactivity by simple peptide exchange highlight the potential of this
polymer-nanoparticle concept as platform for custom-designed carrier

systems.

Introduction

Nanoparticles have proven to be efficient carriers for chemotherapeutics
owing to the enhanced permeability of tumor vasculature, resulting in
accumulation of nanocarriers in tumor tissues. 2221 To ensure efficient

and selective drug delivery, drug release from the nanocarrier must occur in
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response to the dysfunctional environment of the tumor or associated
vasculature. Over the past decade, intensive research has focused on
polymer-peptide conjugates and tumor-targeted drug delivery using carriers
that are recognized and cleaved by proteinases.[? % 99102 1231311 Matrix
metalloproteinases (MMPs), such as MMP-2, are overexpressed at the
invasive front of solid tumors relative to normal tissue and are relatively
easy to access by passive accumulation in tissue. By contrast, carriers
having reducible or pH-sensitive linkages require transport through cell
membranes or diffusion to acidic environments, what might be hard to
accomplish.[% 99192 1321 1n comparison to target molecules such as antigens
that are overexpressed only in a subset of tumors, MMPs are overexpressed
in a variety of tumors, making them a more attractive target for

broad-spectrum diagnostic applications.®® %4

MMP-2 overexpression can be exploited for selective targeting by using
carrier systems which contain peptide sequences that are recognized and
enzymatically cleaved by the enzyme.'® Specifically, the selective
cleavability of the peptide sequence Pro-Leu-Gly-Leu-Ala-Gly (PLGLAG)
recognition site by MMP-2 has been extensively investigated./®® 1% 124 For
example, Jiang et al. linked two oppositely charged cell-penetrating peptides
by an MMP-2 selectively cleavable peptide, in which a payload was

attached to the polycationic peptide.®

Experiments with scrambled
peptides as well as experiments where MMP-2 was knocked out
demonstrated the selectivity of the PLGLAG sequence toward MMP-2
recognition and cleavage.’® 2 Subsequently, Harris et al. used a similar
MMP-2 recognizable peptide as a linker between a hydrophilic polymer and
a magnetofluorescent nanoparticle.l**! In their system, the cell-internalizing
domain of the nanoparticle was veiled by the hydrophilic polymer. MMP-2-
induced cleavage of the linker caused detachment of the hydrophilic block

resulting in selective accumulation of the hydrophobic vehicle in tumor
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tissues.'*! More recently, this concept was used by Matsumura et al. who
similarly linked poly(ethylene glycol) (PEG) to a ferritin nanoparticle via a
cleavable peptide (PLGLAG), which carried covalently attached

doxorubicin.*%"

Despite the advances toward tumor-targeted carrier systems, challenges
remain regarding selective and efficient drug release. Besides functionality,
carrier size is a key issue in efficient drug delivery: a diameter of 200 nm for
delivery systems is ideal, being sufficiently small to prevent both
recognition by Kupffer cells and drainage into blood capillaries, which is
correlated with potential toxicity.?**%®! For delivery systems, which
selectively accumulate in tumor tissue after peptide cleavage, aggregation
occurs as a consequence of polarity reversal from hydrophilic to
hydrophobic.l'! As a result, the carrier size increasest®”), and the carriers
can potentially be cleared from the blood stream by Kupffer cells. More
importantly, drug release will also be affected by carrier aggregation and
resulting local chemical changes, thereby limiting the effectiveness of the
strategy. An alternative approach for nanoscale drug delivery is micellar
carriers. Micellar carriers are typically less than 40 nm in diameter, which is
significantly below the optimal diameter of 100 nm. This small size
promotes toxic mechanisms such as redox cycling, and formation of free

radicals as well as the aforementioned drainage into blood capillaries.[lo“'m]

We recently introduced the moisture-sensitive formation of water-stable
polylactide-polypeptide triblock copolymers in nonaqueous emulsion
(NAE), resulting in poly(L-lactide)-block-peptide-block-poly(L-lactide)
(PLLA-b-peptide-b-PLLA) triblock copolymer nanoparticles. These

particles were readily transferred into an aqueous medium after nonaqueous
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formation and showed excellent retention of the original 100 nm particle

size.['*

In the current study, we demonstrate the potential of the NAE technique for
the generation of carrier systems having defined bioresponsivity by
variation of peptide initiator in the ring-opening polymerization (ROP) of
lactide. In this way, a bioactive, cleavable peptide is introduced into this
system to act as a pre-determined breaking point for triblock copolymer
nanocarriers. As the peptide is centered between two PLLA chains,
enzymatic cleavage of the triblock copolymer results in bisection of the
molecular weight and coincidental reduction of the glass transition
temperature (Tg). This physicochemical change of the polymer promotes
increased chain mobility, providing a potential pathway for enzyme
cleavage-dependent cargo release, without substantially altering particle
morphology. Therefore, obstacles concerning encapsulated drug release and
the aforementioned aggregation phenomena are not expected here since
these nanocarriers remain hydrophilic even after enzyme-triggered cleavage

of peptide.

We show MMP-2 cleavage-dependent cargo release and subsequent cellular
toxicity, confirming the specificity and utility of these triblock copolymer
NAE nanocarriers as potential drug delivery vehicles. The nonaqueous and
mild conditions for their preparation permit the usage of temperature- and
moisture-sensitive substances, which may not be used in carrier systems
originating from aqueous medium such as micellar systems®® % 9" 1341 Thjs
preparation method therefore substantially broadens the portfolio of
permissible compounds for polymerization as well as encapsulation into

drug carrier systems.
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Results and Discussion

PLLA-block-Peptide-block-PLLA Copolymers Synthesis and Enzymatic

Cleavage

To benefit from physicochemical change of polylactide regarding enhanced
cargo release after polymer cleavage, the peptide must be located near the
center of a polylactide chain. Hence, a peptide Ac-Ser-Gly-
Phe-Gly-Pro-Leu-Gly-Leu-Ala-Gly-Gly-Phe-Gly-Ser-NH;
(Ac-SGFG-PLGLAG-GFGS-NH,) was designed, where the two terminal
serine units initiate the lactide polymerization, catalyzed by a
well-established N-heterocyclic carbene® % and lead to formation of
PLLA-b-(Ac)SGFG-PLGLAG-GFGS-NH,-b-PLLA copolymer, carrying a
PLGLAG sequence in the center which is cleavable by MMP-2 (Scheme
4.3.1). Gly and Phe units next to serine constitute spacer groups and allow
facile determination of the molecular weight by end-group analysis via
'H NMR spectroscopy.

H
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Scheme 4.3.1. Reaction scheme of L-lactide polymerization initiated by bioactive peptide.

In order to distinctively assign cleavage of the triblock copolymer to MMP-
2 enzyme activity, a comparison specimen having the exact same amino
acids, but with a scrambled sequence (LALGPG instead of PLGLAG), was
synthesized (

Table 4.3.1). This peptide was previously shown to not be recognized nor
cleaved by MMP-2.1%]
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Table 4.3.1. Experimental conditions and results of the preparation of PLLA-b-polypeptide-
b-PLLA copolymers in solution and nonaqueous emulsion.

Sample Sequence M/Cat/I’ M, PDI D, DY Dy ee’

[kDa] (Water) (Serum) (NAE) [%]

[nm]  [nm] [hm]

19 PLGLAG 17:2:1 27 117 - - - -
2" PLGLAG 70:2:1 100 1.19 9823 - 92+#18 99
3 PLGLAG 70:2:1 80  1.07 112+#23 176x11 69+3 68
49 LALGPG 17:21 47 110 - - - -
5" LALGPG 70:21 80  1.18 1076 - 106+7 81
6™ LALGPG 70:21 138 1.08 103+4 - 73+5 66

% monomer/catalyst/initiator ratio (n(L-lactide) / n(SIMes) / n(peptide)); *
number-averaged molecular weight determined via GPC vs polystyrene
standards; © hydrodynamic diameter of particles in aqueous dispersion
determined via DLS; @ hydrodynamic diameter of particles in 20 vol-%
blood serum determined via DLS; ® hydrodynamic diameter of particles in
nonaqueous emulsion determined via DLS; P encapsulation efficiency
determined via HPLC; ¢ solution polymerization; ™ nonaqueous emulsion

polymerization; " loaded with PMI dye; ¥ loaded with 5-fluorouracil.

PLLA-b-(Ac)SGFG-PLGLAG-GFGS(NH2)-b-PLLA copolymers

originating from solution polymerization (Sample 1,

Table 4.3.1) were exposed to MMP-2 for certain periods of time (0.5h, 2h,
4h, 4d) and subsequently analyzed by MALDI-ToF MS in order to
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determine the cleavability of the polymer-peptide conjugate. The
recognition site (PLGLAG) is known to be cleaved between glycine and
leucine.[® 17
PLLA-b-(Ac)SGFG-PLG-OH and LAG-GFGS(NH,)-b-PLLA copolymers,

obviously having different end groups. MALDI-ToF MS measurements of

Hence, cleavage of peptide should lead to both

the polymer after exposure to MMP-2 showed cleavage of
PLLA-b-(Ac)SGFG-PLGLAG-GFGS(NH)-b-PLLA  copolymer.  The
predicted polymer degradation by MMP-2 was verified by: 1) the
decreasing signal-to-noise ratio of the triblock copolymer distribution with
MMP-2 incubation time (Figure 4.3.1, top) and 2) detection of both
PLLA-b-(Ac)SGFG-PLG-OH and LAG-GFGS(NH,)-b-PLLA with various
repeating units (Figure 4.3.2, top). To assure the assignment of observed
signals to “broken” polymers, we compared the obtained signals after
degradation with those of the polymer before enzyme incubation (Figure
4.3.1and Figure 4.3.2, green).
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Figure 4.3.1. MALDI ToF MS spectra: PLLA-b-(Ac)SGFG-PLGLAG-GFGS(NH,)-b-
PLLA copolymer sample before (top, green) and after 4 days of incubation with MMP-2
(top, blue); PLLA-b-(Ac)SGFG-LALGPG-GFGS(NH,)-b-PLLA copolymer sample before
(bottom, green) and after 4 days of incubation with MMP-2 (bottom, blue).
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Figure 4.3.2. Exemplary PLLA-b-(Ac)SGFG-PLG-OH (left) and
LAG-GGFGS(NH,)-b-PLLA copolymer fragments (right) before (green) and after 4 days
of incubation with MMP-2 (blue).

In contrast to these observations, the matrix-assisted laser
desorption/ionization-time-of-flight (MALDI-ToF MS) spectrum of the
polymer bearing a scrambled peptide sequence (LALGPG, Sample 4, Table
1) looked identical before and after 4 days of exposure to MMP-2 (Figure
4.3.1, bottom). Furthermore, no cleavage products for this scrambled
sequence were detected. This clearly demonstrates the enzymatic
cleavability of the polymer with the PLGLAG linker peptide.

The observation of the expected copolymer fragments after degradation in
MALDI-ToF MS corroborates the presumed hypothesis of peptide
incorporation between two PLLA chains. This result is further supported by
diffusion ordered NMR spectroscopy (DOSY) measurements showing
covalent attachment of peptide and the narrow polydispersity (PDI),
strongly suggesting that initiation occurred by initiating groups having equal

nucleophilicity.
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Loaded PLLA-block-Peptide-block-PLLA Nanoparticles in Nonaqueous

Emulsion

To impart bioactivity of the polymer for selective drug release from a
nanocarrier, we created nanoparticles in nonaqueous emulsion (NAE),
wherein acetonitrile was dispersed in cyclohexane and stabilized by a
poly(isoprene)-block-poly(ethylene oxide) (PI-b-PEO) copolymer (DPp, =
441, DPpgo = 357). L-lactide was polymerized in the presence of a cargo
molecule (dye or chemotherapeutic agent, Table 1) with either Ac-SGFG-
PLGLAG-GFGS-NH; or Ac-SGFG-LALGPG-GFGS-NH, as initiator
resulting in nanoparticles bearing triblock copolymers (Figure 4.3.2).

The particles were transferred from the nonaqueous into an aqueous phase
and were stabilized with a PEG based surfactant (Lutensol AP20) in order to
investigate bioactivity of these nanocarriers. According to dynamic light
scattering (DLS) measurements, the particles had an approximate diameter
of 100 nm (Table 1), which was similar to that inferred from scanning
electron microscopy (SEM) micrographs (Figure 4.3.3). A monomodal
distribution in the DLS measurements provided evidence of well-dispersed,
non-aggregated nanocarriers in the aqueous solution. Even in 20-vol%
blood serum only a single monomodal peak was observed demonstrating
that, on average, no aggregation occurs under physiological conditions. The
cargo encapsulation efficiencies (Table 1) exhibited values as high as 99%,
as determined by high-performance liquid chromatography (HPLC),

demonstrating the high loading capacity of this carrier system.
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L-lactide HO-Peptide-OH PLLA-b-Peptide-b-
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Figure 4.3.3. Scheme for preparation of nanoparticles bearing the triblock structure and a
typical SEM image of the nanoparticles.

Cleavage and Release Studies of Loaded Nanoparticles
Dye-Loaded Nanoparticles

To test for enzymatic specific cleavage of the nanocarrier system and
subsequent cargo release, dye-loaded nanoparticles were incubated with
MMP-2 for 4 days. After incubation, particle suspensions were centrifuged
to pellet the nanocarriers and isolate the released dye from that still
contained in the particles. The dye concentration in the supernatant was
determined via fluorometry and compared to control samples not incubated
with MMP-2. Significantly higher dye release was observed for nanocarriers
having an MMP-2 recognition site in the polymer chain (Figure 4.3.4).
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Figure 4.3.4. Dye release from nanocarriers bearing either the cleavable sequence
(PLGLAG) or the scrambled sequence (LALGPG) in the polymer chain after 4 day
incubation time. Each measurement is presented as % released relative to control specimens
not incubated with MMP-2. Error bars are standard deviation from three experiments and *
marks statistically significant differences between samples with P < 0.05.

This experiment demonstrates that nanocarriers having the MMP-2
recognition sequence (PLGLAG) in the polymer chain undergo selective
cargo release owing to the bioactive polymer constitution of the

nanoparticle.

In addition to the fluorometry dye release study, the MMP-2 degraded
polymer nanoparticles (containing PLGLAG, sample 3) were further
analyzed using gel permeation chromatography (GPC), differential scanning
calorimetry (DSC) and DLS. GPC results confirmed that bisection of the
original triblock copolymer was accomplished with polymer nanoparticles
(Figure 7.2.1). DSC measurements of triblock copolymers showed a clear
decrease in the glass transition temperature (T,) from 39 °C before

degradation to 31 °C after degradation (Figure 4.3.5a). This decrease is
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expected based on the severing of longer triblock chains into shorter
fragments. DLS measurements revealed a slight increase in particle size

(~ 10%) before and after enzymatic cleavage (Figure 4.3.5 b).
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Figure 4.3.5. a) Glass transition temperatures of PLGLAG triblock copolymers before (red)
and after peptide cleavage (blue) by MMP-2; b) DLS graph of PLGLAG nanoparticles
before (non-degraded) and after (degraded) MMP-2 incubation (sample 3).

The change in T is well-suited for promoting enhanced mobility of cleaved
chains within a physiological context to enable diffusion of water molecules
into the particles and subsequent cargo release by concentration gradient.
Taken together with the dye release results, these data demonstrate
enzymatic cleavage is robust in our NAE particles and suggest a potential
cargo-release mechanism based on enhanced polymer chain mobility due to
reduced molecular weight after cleavage.

Drug-Loaded Nanoparticles

Based on selective cargo release, we incubated fluorescent PLGLAG-
particles with C2C12 cells expressing MMP-2**1 and noted strong
interaction between the cells and particles (Figure 7.2.2). To determine the
applicability of the triblock nanoparticles for specific drug delivery, we

synthesized nanocarriers with 5-fluoruracil (5-FU) as the cargo molecule. 5-
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FU is an extensively investigated chemotherapeutic agent that disrupts RNA
transcription and is known to prohibit cell proliferation and cause cell
death.[*****®1 Both PLGLAG and LALGPG nanocarriers containing 5-FU
were synthesized and incubated with C2C12 cells in order to examine
cytotoxicity (and specificity) as a response to the bioactive domain (Figure
4.3.6).

PLGLAG-5FU

1001

LALGPG-5FU

% metabolic activity

0_
untreated 5FU PLGLAG LALGPG PLGLAG
w/o 5FU

Figure 4.3.6. Cytotoxicity by 5-FU-encaspulated nanocarriers bearing the PLGLAG
sequence or the LALGPG sequence. Quantitative analysis reveals cytotoxicity for cleavable
particles is comparable to soluble 5-FU (10 pg/mL) whereas LALGPG-5-FU and PLGLAG
without 5-FU particles show similarly limited toxicity as untreated cells. Images show more
living cells retaining calcein-AM (green) and fewer dead cells containing ethidium
homodimer (red) in the LALGPG-5FU particles. Error bars are standard deviation from
three experiments, * marks statistically significant differences between samples and
untreated with P < 0.05.

Figure 4.3.6 shows increased metabolic senescence, decreased cell density,
and more pronounced cell death after C2C12 incubation with MMP-2
degradable nanocarriers loaded with 5-FU. The cytotoxic effect of
PLGLAG particles was slightly higher than that of free 5-FU (~17%). By
comparing this value with the maximum drug content in the particles,
calculated from the original sample weight, a high drug release efficiency of

greater than 35% within 3 days of incubation was determined. To further
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verify where the drug molecules are exactly located within the cell after
incubation and degradation, it is conceivable to encapsulate molecules
which become fluorescent upon activation by specific cell-associated

enzymes, as described in previous works.[*?

Incubation of non-degradable nanocarriers with C2C12 cells showed no
enhanced cytotoxicity, even at extended times (Figure 7.2.3). This
experiment demonstrates selective drug release and associated cytotoxicity
owing to MMP-2 cleavage of non-leaching defined bioactive

polymer-peptide conjugates within the PLGLAG nanocarrier.

Conclusion

We have introduced biocompatible, triblock copolymer nanoparticles with
enzyme-specific cleavage and tunable functionality. These particles have
excellent loading capability that shows targeted drug release in response to
MMP-2 enzymatic cleavage. The carrier was generated by ROP of L-lactide
with a bioactive, bifunctional peptide initiator in nonagqueous emulsion. The
nanoparticles were readily transferred into aqueous medium with 100 nm
size retention. The peptide between two PLLA chains acted a predetermined
breaking point for the triblock copolymer nanocarriers, which after cleavage
by MMP-2 created hydrophilic end groups on each PLLA fragment. The
reduced molecular weight of the polymer as well as the end group addition
cooperate to reduce the Ty compared to the non-degraded polymer. Under
physiological conditions (37 °C), decrease of T4 (to 31 °C) results in higher
mobility of the constituent polymers in the particle, which is likely
responsible for triggered diffusion of the cargo out of the carrier. This
triggered physicochemical change of polymer is most likely imparted to
other polyester or even polyurethane systems by using the bifunctional

peptide as initiator or comonomer within this facile method.
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Selective cleavage and drug release resulting in cell-death and hampered
mitosis was demonstrated by comparing cellular effects using nanocarriers
having a scrambled peptide sequence as a linker. Hence, drug release is
selectively imparted by polymer cleavage of the carrier with an enzyme
overexpressed in tumor tissues, showing that drug release can be tuned with
polymer constitution alone. Changing the linking peptide permits custom-
designed bioresponsivity, making this a highly promising platform for
targeted drug delivery. The current study demonstrates the versatility of our
NAE/peptide-initiated polymerization method to construct stable, well-
loaded, and selectively-cleavable nanoparticles.

Experimental Section

General Remarks

All solvents and reagents were purchased from Sigma Aldrich if not stated
otherwise. The poly(isoprene)-block-poly(ethylene oxide) (PI-b-PEO)
copolymer was prepared using a sequential anionic polymerization
technique.[® L-lactide and
1,3-bis(2,4,6-trimethylphenyl)-2-ididazolidinylidene (SIMes) were used as
received. SIMes was stored under inert atmosphere at -20 °C. Lutensol AP
20 was obtained from BASF SE in Ludwigshafen. Peptides
(Ac-SGFG-PLGLAG-GFGS-NH; and Ac-SGFG-LALGPG-GFGS-NH,)
were  obtained from  Genosphere  Biotechnologies in  Paris.
9-bromo-N-(2,5,8,11,15,18,21,24-octaoxapentacosan-13-yl)perylene-3,4-

dicarboxy monoimide (PM1) was prepared according to the literature.™* To
determine the molecular weight and the molecular weight distribution
(MWD) of the polylactide-peptide conjugate a gel permeation
chromatography (GPC) was carried out at 30 °C using MZ-Gel SDplus
10E6, 10E4 and 500 columns in tetrahydrofuran (THF) as eluent vs.

66



Results and Discussion

polystyrene standards. The detector was an ERC RI-101 differential
refractometer. The composition of the block copolymers was determined by
'HNMR spectroscopy in deuterated dichloromethane (DCM-d2) via peak
analysis, using a Bruker Avance 111 spectrometer operating at 700 MHz. The
structure of the polylactide-peptide conjugate was investigated via ‘HNMR
spectroscopy, diffusion ordered spectroscopy (DOSY) in deuterated
dimethylsulfoxide (DMSO-d6) and MALDI-ToF MS. For a HNMR
spectrum 128 transients were used with an 13.8 ps long 90° pulse and a
12600 Hz spectral width together with a recycling delay of 5 s. The
temperature was kept at 298.3 K and regulated by a standard *H methanol
NMR sample using the Topspin 3.1 software (Bruker). The DOSY
experiments were done with a 5 mm BBI 'H/X z-gradient probe and a
gradient strength of 5.516 [G/mm] on the 700 MHz spectrometer. In this
work, the gradient strength was 32 steps from 2 % to 100 %. The diffusion
time d20 was optimized to 80 ms and the gradient length p30 was kept at
1.4 ms. For MALDI-ToF MS measurements the polymer was dissolved in
THF and analyzed with alpha-cyano-4-hydroxycinnamic acid as matrix.
Scanning electron microscopy (SEM) images were taken using a Zeiss
Gemini 912 microscope. The SEM sample preparation proceeded the
following way: the nanoparticles were dispersed in cyclohexane and drop
casted on a silica wafer. The average diameters of the particles visualized in
SEM images were determined by diameter measurements of 100 randomly
chosen particles. Dynamic light scattering (DLS) was used to determine the
mean size of generated polylactide-peptide nanoparticles (number
distribution). The DLS measurements were performed on a Malvern
Zetasizer 3000 with a fixed scattering angle of 90° and on an ALV/LSE-
5004-correlator using a He/Ne-laser operating at 632.8 nm. The glass
transition temperature (T4) of polymers was determined by peak analysis of
differential scanning calorimetry (DSC) graphs using a DSC822e
differential scanning calorimeter. The initial temperature of -100°C was
raised to +180°C with a heating rate of 10 K/min.
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Typical preparation of poly(L-lactide)-b-polypeptide-b-poly(L-lactide)
copolymer

L-lactide (37.5 mg, 0.26 mmol), SIMes (9.36 mg, 30.6 pumol) and the
peptide (9.30 mg, 7.36 pmol) were dissolved in acetonitrile (0.203 g, 4.94
mmol) and stirred for 15 min at room temperature. After removal of the
solvent in vacuo, the triblock copolymer was analyzed with ‘*H NMR
spectroscopy, DOSY, GPC and MALDI-ToF MS.

Typical preparation of poly(L-lactide)-b-polypeptide-b-poly(L-lactide)
nanoparticles loaded with either dye or chemotherapeutic agent

Pl-b-PEO copolymer (0.050 g) was magnetically stirred in cyclohexane
(14.4 g, 171 mmol) at room temperature. L-lactide (76.0 mg, 0.53 mmol)
and PMI (0.30 mg, 0.39 pmol) or 5-fluorouracil (5-FU) (2.6 mg,
0.02 mmol), respectively, were dissolved in acetonitrile (0.230 g,
5.59 mmol). The emulsion was formed by dropwise addition of the
monomer/cargo solution to the cyclohexane/PI-b-PEO dispersion and
subsequent treatment with sonication for 15 min using a Bandelin Sonorex
RK255H ultrasonic bath operating at 640 W. SIMes (9.36 mg, 30.6 pmol)
and the peptide (9.30 mg, 7.36 umol) were dissolved in acetonitrile (0.176
g, 4.29 mmol) and added dropwise to the emulsion under inert atmosphere.
The emulsion was stirred for 15 min at room temperature to produce
poly(L-lactide)-block-peptide-block-poly(L-lactide)

(PLLA-b-peptide-b-PLLA) nanoparticles. A sample was taken out of the
emulsion in order to analyze the particle size and morphology via DLS and
SEM. 5ml of the emulsion were precipitated in methanol, separated by
centrifugation and dried in vacuo. The polymer was investigated via NMR

spectroscopy and via GPC. Furthermore, this solid was dissolved in dioxane
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and investigated by HPLC analysis in order to determine the encapsulation

efficiency.

The remaining emulsion was mixed with a 20 mL of a 0.05 wt-% Lutensol
AP 20 solution in order to disperse the obtained particles in aqueous
medium. The organic solvents were evaporated and the aqueous dispersion
was dialyzed against deionized water for 5 days in order to remove
unreacted components and organic solvents. Two samples were taken out of
the dispersion: one sample was diluted with water and investigated via DLS
and SEM to study the morphology. The other sample was dried in vacuo
and the resulting solid was analyzed via GPC and NMR spectroscopy. The
remaining aqueous dispersion was used for cargo release and cell toxicity

studies.

Cleavage Study of the Polymer

PLLA-b-peptide-b-PLLA copolymer (0.5 mg) was dissolved in 1 mL buffer
(100 mM Tris, 10 mM calcium chloride, and 150 mM sodium chloride, pH
8.0). The buffer solution was agitated at 37 °C under 300 revolutions per
minute. From a stock solution of MMP-2 (100 pg/mL), 25 puL were
incubated with DMSO-solution of APMA (p-aminophenylmercuric acetate,
1 mM of APMA) over 2h at 37 °C under 300 revolutions per minute
agitation. After activation, MMP-2 was added to the buffer solution. After
certain periods of time (0.5 h, 2 h, 4 h, 4d) 5 pL of the buffer solution was
collected and mixed with 15 pL of CHCA solution (THF) for analysis via
MALDI-ToF MS.
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Cleavage Study of Particle Dispersions

250 pL of PMI-loaded particle dispersion was mixed with 250 pL of buffer
solution (100 mM Tris, 10 mM calcium chloride, and 150 mM sodium
chloride, pH 8.0). From a stock solution of MMP-2 (100 pg/mL in 100 mM
Tris, 10 mM calcium chloride, 150 mM sodium chloride, pH 8.0), 15.6 uL
was activated with ImM APMA for 2 h at 37 °C under 300 revolutions per
minute agitation. After activation, MMP-2 was added to the particle
dispersions in a ratio of 150 pL particles: 250 ng of activated MMP-2. This
reaction was incubated in a 300 uL total volume of TCNB buffer (50 mM
Tris, 10 mM calcium chloride, 150 mM sodium chloride, pH 7.5) for 4 days
at 37 °C under 300 revolutions per minute agitation. Following this
incubation, the reaction was centrifuged at 13.4 rpm for 20 min. 200 pL of
the supernatant was analyzed via fluorescence spectroscopy in order to
determine the concentration of released dye during incubation. Control
reactions in which no MMP-2 was used were run in parallel and analyzed in

the same way.

Encapsulation Efficiency through High-Pressure-Liquid-Chromatography
(HPLC)

The HPLC analysis was carried out with a reversed phase HD C8 column
(Macherey-Nagel) using a series 1100 pump (Hewlett Packard). The
components, containing in the particles, were detected by a UV-Vis detector
S-3702 (Soma). The encapsulation efficiency was calculated by
determination of the concentration of either PMI or 5-FU in the solid and its
comparison to the applied amount of encapsulated species before the

polymerization.
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Cellular Interaction Imaging

The interaction of nanoparticles with living cells was done with
immortalized C2C12 myogenic cells cultured in chamber slides having
coverglass (Thermo Scientific™ Nunc Lab-Tek) bottoms. Cells were
allowed to attach to the glass surface and grown to near confluence in
growth medium (DMEM low glucose, Gibco) supplemented with 10% fetal
bovine serum (Gibco). Directly before imaging, cells were washed 3 times
with PBS and PLGLAG particles loaded with the fluorescent dye (9-bromo-
N-(2,5,8,11,15,18,21,24-octaoxapentacosan-13-yl)perylene-3,4-dicarboxy
monoimide, PMI) suspended in growth medium were added. The
chambered coverglass was then transferred to a stage-top incubation
chamber (lbidi) mounted on a Leica SP 5 Il TCS CARS (Leica
Microsystems GmbH) microscope equipped with transmitted and reflected
light photomultiplier tubes (PMT). The interior of the incubation chamber
was maintained at 37°C and gassed with ambient air with 5% CO,.
Nanoparticles were detected using laser-based, multiphoton fluorescence in
the reflected (epi) PMT while the transmitted PMT was used for forward,
label-free coherent anti-Stokes Raman scattering (CARS) microscopy.
Briefly, CARS is a multi-photon coherent Raman microscopy that derives
contrast from the chemistry of the sample itself without any labels. Using
this imaging system, we targeted the CH, symmetric vibration in CARS
(2845 cm™) to image the cell borders, intracellular membranes, lipid
deposits while imaging the multiphoton fluorescence of PMI in the epi
PMT. The excitation source for CARS was two picosecond lasers at 1064
nm and 817 nm (energy difference equal to 2845 cm™) while multiphoton
fluorescence excitation was the 817 nm laser alone (picoEmerald,
Angewandte Physik & Eletronik GmbH).
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The epi-detection path contained a shortpass filter (750 nm, Chroma
Technology) to exclude excitation laser light (and pass PMI two-photon
fluorescence) while the forward detection path was equipped with a 750 nm
shortpass and additional narrow bandpass filter (660 nm / 8 nm bandwidth,
Omega Optical) to exclude any two photon fluorescence signal and pass
only the CH, symmetric CARS signal. Images were acquired every 5 min
for 24 h. AIll images were acquired with a 60X 1.49 NA TIRF
objective(Nikon) and subsequently analyzed with ImageJ. Individual time

points are shown below (Fig. S2).

Cytotoxicity with 5-FU

Cytotoxicity analysis of nanoparticles was done using the immortalized
myogenic cell line C2C12. This line has been previously shown to express
MMP-2 but not the similar MMP-9.*! Cells were cultured in growth
medium supplemented with 10% fetal bovine serum and grown to ~70%
confluence in 96-well plates. To determine particle toxicity, cells were
incubated with nanoparticle dispersions bearing either PLGLAG or
LALGPG sequence with 5-FU loading (final concentrations of ~8 —
35 pg/mL) prepared in fresh growth medium. Negative control experiments
were done using standard growth medium, and positive control experiments
were done using growth medium supplemented with soluble 5-FU at 10
pug/mL. At indicated times, metabolic activity was quantified with standard
3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyltetrazolium bromide (MTT)
assays. Briefly, MTT was added directly to each well to a final
concentration of 0.7 mg/mL. Cells were then incubated for 3 h at 37°C.
After centrifugation, the supernatant was removed, and the cells were
allowed to dry for at least 1h before lysing with 200 pL isopropanol.
Formation of formazan crystals was analyzed via the optical density at 560

nm using 670 nm as reference in a spectrophotometer (Tecan). Each
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experiment was taken out as quintet of wells and repeated three times.
Statistical analysis (one-way ANOVA) was performed with Origin 8.5 for

Windows, p-Values < 0.05 were considered statistically significant.

Live/Dead Staining

Cells were grown in growth medium in Lab-Tek® Chamber Slides (Thermo
Scientific™ Nunc Lab-Tek) to near-confluence similar to cytotoxicity
assays. Cells were then incubated for 3 days with PLGLAG or LALGPG
nanoparticles with 5-FU loading at a final concentration between 8- 35
ug/mL in fresh growth medium. Plain growth medium and medium
supplemented with 5 FU (10 mg/mL) served as negative and positive
controls, respectively. Following incubation, the medium was exchanged
with 2 pM calcein-AM and 4 pM ethidium homodimer (Invitrogen)
dissolved in PBS at room temperature. After 30 min of incubation, cells
were directly imaged in the chamber slides on an 1X81 inverted microscope
(Olympus). Images were collected using the green (excitation BP472/30,
emission BP520/35) and red (excitation BP540/20, emission LP590)
channels with a 20X, 0.4 NA objective (Olympus). Images were processed

with ImageJ.
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Abstract

A polarity reversal of a nanoparticle surface with a light-sensitive PEG-
block-poly((1-pyrenyl methyl) glutamate) (PEG-b-PGlu(Pyr)) copolymer is
presented. The copolymer is successfully applied as emulsifier in a
nonaqueous emulsion polymerization of lactide. The hydrophobic
pyrenyl methylene-units are readily cleaved from the outer hydrophilic
PGlu-block by UV irradiation. The initially hydrophobic particles can now

be dispersed in aqueous medium without the need of additional surfactants.

Introduction

Organic nanoparticles find use in colorants, as adhesives and as
pharmaceuticals.! 200 130 134461 Their synthesis is usually conducted in
shape giving processes such as the common aqueous emulsion
polymerization. However, the applied aqueous conditions limit both the
applicable polymerization technique and the permissible compounds
(monomer, initiator, catalyst, etc.). Typically, water-stable components are
polymerized radically giving polymer nanoparticles with carbon-carbon
bonds in the polymer main chain. The recently introduced nonaqueous
emulsion polymerization overcame this limitation and substantially
broadened the portfolio of applicable compounds and polymerization
techniques.!® 3% 35 108 133. 147 £ instance, this method was used for the
single step synthesis of poly(ester) nanoparticles at room temperature!® 1%,
which are of particular interest in biomedical fields owing to their

biocompatibility and biodegradability.!***°!

Despite the versatility of nonaqueous techniques, the resulting particles are
dispersed in a nonpolar organic solvent and often must be transferred into
aqueous medium for their final utilization.>? This transfer has remained a

huge challenge: complex purification and the addition of a second surfactant
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layer allow particle transfer, yet causing aggregation which potentially has a
negative impact on particle functionality and therefore its usability.! 3% %%
140, 148-199] 1 particular for nanoparticles that are used as intravascular drug
delivery systems, aggregation resulting in carrier sizes >250 nm is a serious
issue as those systems are removed from the blood stream by Kupffer
cells.[*%1%] Therefore, an emulsifier is needed that is capable of stabilizing
particles in both nonpolar solvents and aqueous medium without the

necessity of additional surfactant layers.

Recently, an amphiphilic PEG-block-poly((1-pyrenyl methyl) methacrylate)
copolymer was synthesized by atomic-transfer radical-polymerization
(ATRP). This polymer contains 1-pyrenyl methylene-units in the side chains
that are readily cleaved from a poly(methacrylate) backbone via radical
transition state.[**>%2 |n water, the micelles were proven to be broken upon
UV irradiation owing to the removal of the hydrophobic side groups and the
resulting hydrophilic nature of the entire polymer.*? Different from the
concept of generating potential light-sensitive “drug containers”, we
designed an amphiphilic PEG-block-poly((1-pyrenyl methyl) glutamate)
(PEG-b-PGlu(Pyr)) copolymer that can stabilize particles in hydrophobic
solvents and in water upon photolysis. Specifically, the hydrophobic
pyrenyl methylene-units in the side chains of PGlu are photolytically
cleaved, resulting in particles having a fully hydrophilic and biocompatible
PEG-b-PGlu shell. Hence, this copolymer allows transfer of hydrophobic

particles into water without the necessity of adding further surfactant layers.

Results and Discussion

The PEG-b-PGIlu(Pyr) copolymer was intended to effectively disperse a
polar organic solvent in a nonpolar organic solvent. PEG stabilizes the polar
dispersed phase (acetonitrile), whereas stabilization of the nonpolar

continuous phase (cyclohexane) is attained by the PGlu(Pyr)-block. In order
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to achieve maximum emulsifying efficiency, the block copolymer must
possess a molecular weight > 30 kg'mol™ and a molar block composition of
2:1 in favor of the block facing the continuous phase.?*?" 28 Therefore, we
synthesized a PEG-b-PGIlu(Pyr) copolymer having 45 repeating units of
ethylene glycol (EG) and 90 repeating units of 1-pyrenyl methyl glutamic
acid (Glu(Pyr)), resulting in a total molecular weight of approximately
33 kg'mol ™.

Synthesis

The reaction of y-benzyl glutamic acid (1) and triphosgene under release of
hydrogen chloride gave the monomer y-benzyl glutamic acid
N-carboxy anhydride (Glu(Bz)-NCA) (2) in a 75% yield, which is in
accordance with the literature.[*>® The backbone of the photosensitive block
copolymer was synthesized by a literature-known ring-opening
polymerization of 2 with a-methoxy-w-amino-PEG (PEG-NH,) as
macroinitiator having a degree of polymerization (DP) of ~45 (Scheme
44 1).[154-155]
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Scheme 4.4.1. Synthetic route toward the PEG-b PGlu(Pyr) copolymer.
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The PEG-b-PGlu(Bz) copolymer (3) was subsequently analyzed via
'H NMR spectroscopy and diffusion ordered spectroscopy (DOSY). The
'H NMR measurement of 3 revealed a molar block composition of 2:1 in
favor of the PGlu(Bz)-block (DPpec=45; DPpgiue»=90). DOSY
measurements depicted equal diffusion of both blocks demonstrating
covalent attachment of the PEG-block to the PGIlu(Bz)-block and the
formation of 3. The copolymer was subsequently reduced with hydrogen on
Pd/C in order to cleave the benzyl protecting group. *H NMR measurement
of PEG-b-PGlu copolymer (4) demonstrated complete reduction (Figure
7.3.1). To esterify 4 with 1-pyrenyl methanol, the PEG-b-PGlu copolymer
was first converted into the corresponding acid chloride with phosphorous
trichloride and then esterified giving the PEG-b-PGlu(Pyr) copolymer (5).
The degree of esterification was 86%, as determined by relative signal
intensities of the aromatic pyrenyl protons (6 =8.6-7.6 ppm) and the
aliphatic protons of PEG (5 = 3.6 ppm) in the *H NMR spectrum (Figure
7.3.3). Higher degrees of esterification could not be achieved, even at
extended reaction times. As pyrene tends to aggregate in solution,
aggregation of the esterified polymer most likely caused an inaccessibility

of remaining reaction centers.

Self-assembly in a nonpolar organic solvent

After synthesis of the block copolymer, its self-assembly in a nonpolar
organic solvent before and after UV irradiation was investigated to study
whether a pyrenyl substituent in the polymer side chain suffices to stabilize
a nonpolar solvent and to elucidate the effect of photolysis on the polymer’s
assembly. The aggregates of PEG-b-PGlu(Pyr) copolymers in cyclohexane
(c = 2.4 mg'mL™) were spherical and possessed a smooth surface (Figure
4.4.1 a, b). They were monomodal and had hydrodynamic diameters (Dy,) of

99 + 38 nm), as determined via DLS.
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Figure 4.4.1. SEM micrographs of a PEG b PGlu(Pyr) copolymer/cyclohexane dispersion
before (a,b) and after UV irradiation (A = 366 nm, P =4 W, t = 3h).

Particle analysis via SEM micrographs corroborated the Dy obtained from
DLS (D =86 £23nm) (Figure 4.4.1 a, b), implying that the chosen block
length (DP =90) and the degree of esterification (86%) sufficed to stabilize

the nonpolar organic phase.

After addition of small amounts of water and UV irradiation, Dy, of the
aggregates in cyclohexane significantly increased to Dy =675+ 523 nm,
indicating strong aggregation of photolytically cleaved polymers (Figure
4.4.1c,d). To verify this assumption, both the cyclohexane and the water
phase were investigated by HNMR and DOSY. Verification of
1-pyrenyl methanol in the cyclohexane phase and of water-soluble
PEG-b-PGlu copolymer in the aqueous phase demonstrated photo-induced
cleavage of the hydrophobic group from the hydrophilic PGlu-backbone.

These results strongly suggest efficient stabilization of the nonpolar solvent
by the PGlu(Pyr) block before UV irradiation. Upon UV irradiation and
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subsequent removal of hydrophobic pyrenyl derivative, the former
hydrophobic block PGlu(Pyr) becomes more hydrophilic (PGlu), resulting

in increased aggregate size of copolymers that remained in cyclohexane.

Nonaqueous emulsion polymerization and photo-induced particle transfer

Based on photo-induced polarity change of the initially amphiphilic
PEG-b-PGIlu(Pyr) copolymer, a nonaqueous emulsion polymerization with
PEG-b-PGIlu(Pyr) as emulsifier was conducted to investigate potential
nanoparticle transfer from a nonpolar organic solvent into an aqueous
medium. Poly(L-lactide) (PLLA) nanoparticles were synthesized via
ring-opening polymerization of L-lactide with a moisture-sensitive catalyst
in a nonaqueous emulsion consisting of acetonitrile, cyclohexane and the

PEG-b-PGIlu(Pyr) copolymer as emulsifier.
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Figure 4.4.2. SEM micrographs of PLLA nanoparticles before (a, b) and after photo
induced cleavage of pyrenyl methylene units from the PEG b PGlu(Pyr) copolymer (c, d) (A
=366 nm, P =4 W, t=3h).

The PLLA nanoparticles had diameters of Dp =130 £ 19 nm, which was
corroborated by particle analysis of SEM micrographs (D =93 + 17 nm,
Figure 4.4.2 a,b). Compared to the block copolymer aggregate sizes in
cyclohexane, the PLLA particle diameters were significantly higher
implying sufficient stabilization of the polymer components in the
acetonitrile droplets. Subsequently, the emulsion was mixed with water and
irradiated with UV light (A=366nm) to cleave the hydrophobic
1-pyrenyl methylene-units from the PGlu-block. After photolysis, the
cyclohexane phase was removed in vacuo and the resulting aqueous
dispersion was purified by dialysis. UV-vis spectroscopy measurement
proved complete removal of pyrenyl residues. The PLLA nanoparticles had
a Dy of 199 £ 6 nm, indicating a larger hydrophilic shell around the particles
in aqueous medium as compared to organic emulsions. Analysis of the
aqueous nanoparticle dispersion via SEM gave a mean particle diameter of
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D = 105 £ 18 nm, proving size retention without occurrence of aggregation.
Size retention was expected as the addition of a second surfactant was not

necessary for the transfer.

The resulting particle dispersions were dried, washed several times with
water and subsequently dialyzed for 7 days against water to investigate
potential removal of entirely hydrophilic PEG-b-PGlu copolymer from the
hydrophobic PLLA particles. After dialysis, the particle dispersions were
dried and a THF/water mixture was added to the resulting solid to dissolve
both PLLA and the block copolymer. Subsequently, the solution was poured
into an excess of water to precipitate PLLA. Precipitated PLLA had a
molecular weight of M, = 5800 g'mol™ and a PDI of 1.34, as determined via
'H NMR end-group analysis and GPC. The molecular weight is close to the
theoretical one (Mieo = 5000 g'mol™) proving successful polymerization
and inertness of the emulsifier (PEG-b-PGlu(Pyr)) toward the
polymerization. After centrifugation and removal of PLLA, the aqueous
solution was dried and the remaining solid was investigated via *H NMR
spectroscopy and DOSY. The measurements verified the solid to be the
cleaved PEG-b-PGlu copolymer (Figure 7.3.4).

This strongly suggests that PLLA chains are entangling predominantly with
the PEG chains of the PEG-b-PGlu(Pyr) copolymer since they face the
dispersed phase during particle formation (in the nonaqueous emulsion
polymerization). The entanglement is most likely responsible for the fact
that PEG-b-PGIu copolymer could not be removed from the PLLA particle
surface and that PLLA particles are efficiently stabilized in water by the
entirely hydrophilic PEG-b-PGlu copolymer.

Finally, the biocompatibility of the PEG-b-PGlu emulsified PLLA
nanoparticles was assessed by 24-hour incubation with human mesenchymal
stem cells. Particles incubated with significantly higher concentration

(10-fold dilution) than in our previous PEG-b-PI copolymer emulsions!***
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1481 (30-fold dilution) showed identical cell viability with non-particle-
incubated controls. In all cases the viability was nearly 100% (Figure
4.4.3).

Calcein (Live) Eth. homodimer (Dead)

control

1:10
dilution

1:100
dilution

Figure 4.4.3. Live/dead staining of hMSC cells after 24-hour incubation of
PEG-b-PGlu(Pyr) emulsified PLLA nanoparticles at various dilutions. Live cells stained
positive for calcein (green) whereas dead cells stained positive for ethidium homodimer
(red). Scale bar =100 um.

Conclusion

It was demonstrated that an amphiphilic PEG-b-PGlu(Pyr) copolymer
stabilized a nonaqueous emulsion polymerization of lactide giving

hydrophobic PLLA nanoparticles. The addition of water and subsequent UV
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irradiation of the particle dispersion caused cleavage of hydrophobic
1-pyrenyl methylene-units from the hydrophilic PGlu-side chains. The
resulting polarity change of the particle surface from hydrophobic to
hydrophilic enabled its final transfer into water. Since additional surfactants
were not necessary for solvent exchange, the particles did not aggregate and
their size was retained. Therefore, potential functions, for example targeting
or responsiveness in drug delivery systems, are not expected to be

negatively affected by this transfer reaction.

Since the emulsifier had no negative impact on the sensitive catalytic
polymerization of lactide, this change of surface polarity is most likely
imparted to other systems necessitating solvent transfer reaction with
retention of particle morphology and functionality. More importantly, this
emulsifier design addresses two major challenges that previous approaches
have been struggling with! *°6161: 1) dispersing hydrophobic latex particles
in water without aggregation; 2) synthesizing fully biocompatible latex
particle, avoiding the use of non-biocompatible block copolymers or toxic
ionic tensides!'®? as stabilizing agents. Taken together with potential
functionalization of the emulsifier’s terminal amine group with targeting
molecules, this emulsifier offers a pathway to new drug delivery systems
consisting solely of FDA-approved PLLA, PEG and PGlu.

Experimental Section

Photosensitive Emulsifier Synthesis

Glu(Bz)-NCA

In a dry Schlenk flask y benzyl a glutamic acid (10.0 g, 42.2 mmol) was
dissolved in dry THF (100 mL) under inert atmosphere. The suspension was
heated to 50°C under reflux and subsequently treated with triphosgene (4.17
g, 14.1 mmol). After 1h of stirring, additional triphosgene (1.26 g, 4.24
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mmol) was added. The suspension became a solution after a total reaction
time of 3 h. The solution was poured into 300 mL dry n-hexane and heated
to recrystallize. The N-carboxy anhydride was recrystallized twice and
subsequently stored in a freezer overnight. The flask was transferred into a
glove box. The solid was isolated by filtration and stored in the glove box

after drying in vacuo.

Yield: 75%; 1H NMR (500 MHz, CD,Cly, ) 7.37 (m, SH, Ar H), 6.51 (s,
1H, NH), 5.13 (s, 2H, OCH,Ph), 4.40 (t, J = 6.2 Hz, 1H, CHC(O)), 2.59 (m,
2H, y-CH,), 2.25 (m, 1H, B-CH,), 2.13 (m, 1H, B-CH,); 13C NMR (500
MHz, CD,Cl,, 3): 172.9 (OC=0), 170.2 (OC=0), 152.2 (HNC=0), 136.2
(An), 129.2 (Ar), 129.0 (Ar), 128.8 (Ar), 67.5 (CHAr), 57.5 (CH), 30.3
(CHy), 27.4 (CH,).

PEG-block-PGlu(Bz) Copolymer

In a glove box Glu(Bz)-NCA (9.00 g, 34.2 mmol) and urea (4.00 g, 66.6
mmol) were placed in a dry Schlenk flask and dissolved in dry DMF
(240 mL). A solution of PEG-NH2 (Mn ~ 2000 g-mol™, 0.76 g) in dry DMF
(90 mL) was added. The polymerization was conducted under stirring at
room temperature for 4 d. The PEG-b-PGlu(Bz) copolymers were

precipitated into diethyl ether and subsequently freeze dried.

Yield: 82%; '"H NMR (500 MHz, DMF, §): 8.53 (br, 1H, NH), 7.36 (m, 5H,
Ar), 5.10 (m, 2H, Ar-CH,), 4.13 (br, 1H, CH), 3.59 (s, 4H, OCH,CH,), 3.30
(s, 3H, OCHs), 2.30 (m, 4H, CH,CH,). M, (IH NMR) = 21,900 g'mol™;
M./M, (GPC) = 1.24.

PEG-block-PGlu Copolymer

PEG-b-PGlu(Bz) copolymer (4.00 g) was dissolved in dry DMF (140 mL).
Small amounts of Pd/C (10%) were added and the reaction chamber was

filled with hydrogen and stirred vigorously. After removal of Pd/C powder,

85



Results and Discussion

the polymer was dropped into an excess of n hexane. For purification, the
product was dialyzed against water for 4 d (MWCO = 1000 g~mol'1).

Yield: 90%; 'H NMR (500 MHz, D,0, §): 8.45 (s, 2H, 2xNH), 4.31 (m, 2H,
2xCH), 3.70 (s, 4H, OCH,CH,), 3.38 (s, 3H, OCH3), 2.20 (m, 8H,
2XCH2CH2).

PEG-block-PGlu(Pyr) Copolymer

PEG-b-PGlu copolymer (80.0 mg) was mixed with phosphorus trichloride
(PCI3) (5.25 mL) and stirred under reflux and inert atmosphere at 60°C for 3
d. Excess of PCl; was removed in vacuo. 1-pyrenyl methanol (120 mg, 0.52
mmol) was dissolved in dry methylene dichloride (4 mL) and added to the
solid under inert atmosphere and light exclusion. The mixture was
vigorously stirred at room temperature for 3 d. The polymer was
precipitated in diethyl ether, washed with n hexane and subsequently dried

in vacuo.

Yield: 61%; 'H NMR (500 MHz, CD,Cl,, §): 820 (m, 16H,
0.86x2xpyrene(9H)), 5.53 (b, 3H, 0.86x2xCHy,), 4.01 (br, 2H, 2xCH), 3.57
(s, 4H, OCH,CH,), 3.31 (s, 3H, OCHs), 2.30 (m, 8H, 2XxCH,CH,).

Self-Assembly Study of PEG-b-PGIlu(Pyr) copolymers in Cyclohexane

PEG-b-PGIlu(Pyr) copolymer (12.0 mg) was dispersed in cyclohexane (5.00
mL; ¢ = 2.4 mg-mL-1). The dispersion was mixed with water (0.50 mL) and
subsequently irradiated with UV light (A = 366 nm; P = 4W), followed by
vigorous stirring at room temperature for 3 h. A sample was taken out to
analyze the aggregates via DLS and SEM. Cyclohexane of the remaining
sample was removed under reduced pressure and an additional amount of
water (1.50 mL) was added. After filtration, the aqueous dispersion was
analyzed via *H NMR spectroscopy and DOSY.

Preparation of Aqueous Poly(L-lactide) Nanoparticle Dispersions
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PEG-b-PGlu(Pyr) copolymer (45.0 mg) was magnetically stirred in
cyclohexane (14.4 g, 171 mmol) at room temperature. L-lactide (76.0 mg,
0.53 mmol) was dissolved in acetonitrile (0.203 g, 0.26 mL, 4.94 mmol).
The emulsion was formed by dropwise addition of the monomer solution to
the cyclohexane/P1-b-PGlu(Pyr) dispersion and subsequent treatment with
sonication for 5 min using a Bandelin Sonorex RK255H ultrasonic bath
operating at 640 W. SIMes (4.68 mg, 15.3 pumol) and the 1-pyrenyl butanol
(4.20 mg, 15.3 pmol) were dissolved in acetonitrile (0.203 g, 4.94 mmol)
and added dropwise to the emulsion under inert atmosphere. The emulsion
was stirred for 15 min at room temperature to produce poly(L-lactide)
(PLLA) nanoparticles. A sample was taken out of the emulsion in order to
analyze the particle size and morphology via DLS and SEM. To the
remaining emulsion water (18.5 mL) was added. After UV irradiation (A =
366 nm) and vigorous stirring for 3 h at room temperature, the organic
solvent was removed in vacuo and the dispersion was isolated from the
precipitated 1-pyrenyl methanol. The remaining aqueous dispersion was
dialyzed against water for 3 days (MWCO = 1000 gmol™). The resulting
particles were analyzed via DLS and SEM. To evaluate the polymerization
of LLA and quality of photo induced particle transfer, a sample of the
aqueous dispersion was dried and dissolved in a THF/water mixture. The
solution was poured into an excess of water and THF was removed in vacuo
to precipitate PLLA. After centrifugation, the dried solid was analyzed via
GPC, 'H NMR spectroscopy and DOSY. The supernatant of the centrifuged

sample was collected and analyzed for cleaved PEG-b-PGlu copolymer.

Biocompatilibty of PEG-b-PGlu(Pyr) emulsified Poly(L-lactide)
Nanoparticles

hMSCs below passage 5 (Lonza, Cologne, Germany) were cultured in 12-
well polystyrene plates in growth medium (a-MEM, Lonza, Cologne,
Germany) supplemented with 15% FCS (Life, Frankfurt, Germany) at 37°C
and 5% CO; under humidified atmosphere. When reaching ~80%
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confluence, medium was exchanged with 1:10 and 1:100 dilutions of PLLA
particle dispersion (stock in milliQ water) in pre-warmed growth medium;
media with 10% sterile milliQ water was as the control. After 24h, medium
was aspirated and cell were washed 3x in pre-warmed PBS. Cell viability
was assessed using a live-dead staining kit according to the manufacturers
instructions (LIFE/DEAD®, Life, Frankfurt, Germany). Images of cells
were acquired using an 1X81 inverted microscope (Olympus, Hamburg,
Germany) and processed with Image] Software. The experiment was
performed in triplicates and representative pictures are shown in Figure
4.4.3.
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Abstract

Porous polyurethane particles are presented as uniform fragmentable
supports for metallocene catalysts in polyolefin synthesis. The micrometer-
sized particles which have a narrow size distribution and a controlled
porosity are prepared by a nonaqueous emulsion polymerization in a single
step. The porosity of the PU particles is controlled by introducing a defined
amount of water into the emulsion polymerization. A complex of
metallocene/methylaluminoxane is immobilized on the PU supports and
used for the ethylene polymerization in a gas phase reactor. The surface and
morphology of the polyethylene/polyurethane particles are characterized by
using scanning electron microscopy. Homogeneous fragmentation of the
support material is observed during the polymerization and affords product
particles with a spherical shape and narrow size distribution. The
fragmentation behaviors of the polyurethane microspheres throughout the
ethylene polymerization are monitored by laser scanning confocal
fluorescence microscopy (LSCFM) which is a non-destructive method in
contrast to other techniques. A homogeneous distribution of PU in the
polyethylene particles is proven by the optical sectioning of LSCFM.

Introduction

The combination of metallocenes with trialkylaluminoxane has opened a
new era of producing polyolefins with tailor-made properties.[**32%4 The
novelty of metallocene catalysis, in contrast to Ziegler-Natta systems, is the
single-site character of the active species which generates polymers with
narrow, monomodal Flory-size distributions. By tailoring the ligands of the
metallocenes, polyolefins with specific properties can be produced through
the control of tacticity and the incorporation of discrete ratios of
comonomers.'®>1%! Despite these outstanding properties, however, their

use in industrial applications under homogeneous conditions at
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polymerization temperature below the melt point encounters some problems
such as low bulk density of the product, a very large amount of
methylaluminoxane (MAO) as co-catalyst, lack of morphology control and
reactor-fouling. The polymers produced from homogeneous olefin
polymerization via metallocenes are obtained only in dust or lump form
which is not suitable for industrial applications. For better processability, a
flowable powder is required which can only be produced by supporting
metallocenes on solid carriers.!**”! Such a heterogeneous approach provides
better morphology control and higher bulk densities of the obtained
particles, prevents reactor-fouling. Additionally, the use of a supporting
material is the only way to run metallocene polymerizations without a

solvent in a gas phase reactor.

The proper choice of supporting materials is an important factor:[*¢817 j)

The supporting material should consist of micrometer-sized spherical
particles to avoid dust formation and possess a high surface area, well-
defined pore diameters and uniform size distributions; ii) the supporting
material should be fragmentable into nanometer-sized particles throughout
the polymerization process to achieve a high density product and to avoid
light scattering in the final product; and iii) the active sites of the supports
should be homogeneously distributed on the surface and in the pores to
achieve uniform product particles, although there is emulsion-based
supports such as Sirius technology that dispersed active sited in a

fragmentable support without porosity.

Immobilization of metallocenes onto supporting materials such as silica,!™*
1781 magnesium chloride,™" alumina,*’® and organic materials!*’**®% has
been intensively investigated. Among the supporting materials, highly
porous silica particles have become the most widely used supports and have
been extensively applied in industrial polyolefin production. Commercially
applied porous silica particles are agglomerates (secondary particles)

composed of nanometer-sized non-porous granulates  (primary
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particles).'®?  These primary particles are commonly prepared by
neutralization of aqueous alkali metal silicates with an acid.*® The average
sizes of these secondary particles, which should be in micrometer-range, are
mainly altered by the nozzle pressure of a spray drying process with the
primary particles. This process is suitable for large-scale production.
Despite many efforts, these secondary particles still have limitations
including irregular shape, broad size distributions, and broad ranges of
surface area.™! These drawbacks might also affect the properties of the
final polyolefin products having heterogeneous morphology, irregular shape
by the “replica” effect, and broader product particle distribution. For better
results, secondary particles should be micrometer-sized and have pore
structures in which metallocenes can be immobilized. Secondary particles
tend to fragment into nanometer-sized primary particles beginning with the
onset of metallocene-catalyzed polymerization after which, the primary
particles remain homogeneously dispersed in the polymer particle over the
whole process.'®" Although silica supports are generally applied for
metallocene-catalyzed polyolefin synthesis, once could consider there is a

room to be improved.

Organic supports which allow for relatively easy modification of the
surfaces have been investigated for olefin polymerizations,!*8% 185181 gjnce
modification of the chemical and structural properties of the supporting
materials is still desired to improve the immobilization process.
Additionally, organic supports hold promise for better incorporation into the
final polyolefin products owing to their hydrocarbon-rich matrix.[*8% 8
Due to their well-defined structure and the possibility of direct surface
modification via functionalized styrene derivatives, micrometer-sized
polystyrene (PS) particles, crosslinked with 1-2 mol% divinylbenzene
(merryfield resins), have been introduced.™®” However, the fragmentation
of PS particles is hindered due to irreversible cross-linking. As a result, in

contrast to that of the porous silica supports, a lower effective surface area is
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achieved which lowers the activity, and the unfragmented large PS particles
induce light scattering in the obtained product. To overcome these
problems, we have introduced PS particles with sizes ranging from 50 to
200 nm produced by miniemulsion polymerization.’®*%! The PS
nanoparticles (primary particles) agglomerate reversibly to micrometer-
sized secondary particles through nucelophilic interaction with the
methylaluminoxane (MAQ) during the immobilization process of
metallocenes.™®  Similar to the inorganic supports during olefin
polymerization these secondary particles (agglomerates) break down to
their primary particles, and the nanometer-sized primary particles are
distributed homogeneously over the obtained polyolefin products. Even
though better fragmentation is observed, it should be noted that the problem
of obtaining uniform shape and size of the secondary particles still has
remained, along with the need to increase surface area by introducing

porosity.

In both cases using silica and crosslinked PS particles, the agglomeration of
their corresponding primary particles to the secondary particles does not
lead to the desired uniform spherical systems required for modified
supports. As such, alternative methods for obtaining uniform, spherical,
porous, and fragmentable supports, these particles are needed and would be
an important progress in the gas phase (or slurry) polymerization processes.
Herein, we address micrometer-sized porous polyurethane (PU) particles,
prepared via a one-pot synthesis, as new supports for metallocene-catalyzed
olefin polymerization. The preferred method of choice for the synthesis of
suitable PU microspheres is via nonaqueous emulsion polymerization. The
porosity and surface area of the PU microspheres are tailored by adding
small amounts of water which controls the formation of pores, since its
reaction with the isocyanate generates CO,. Their applicability as porous
organic supporting materials is demonstrated in a heterogeneous catalytic

system with immobilized metallocenes.
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Figure 4.5.1. Reaction scheme for the formation of polyurethane and polyurea.

In order to form porous polyurethane (PU) microspheres, the polymerization
of a diol with a diisocyanate with concurrent CO, release in a shaping
procedure, like an emulsion, is performed.'** The presence of water in a
diisocyanate-containing emulsion leads to both a release of CO, and the
generation of polyurea (Figure 4.5.1).[192] The amount of water controls the
quantity of released CO, which is responsible for the resulting porosity and
pore size.'***%! |n an aqueous emulsion, this process is rather uncontrolled
due to the continuous phase. We introduce a nonaqueous system, which is
predestinated to generate PU particles with a defined porosity due to the
exact amount of water employed. This system has previously proven its
applicability towards the formation of PU nanoparticles.™®! A typical
nonaqueous emulsion system consists of two immiscible organic solvents

that are stabilized by an amphiphilic block copolymer.!****%! |n particular, a
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mixture of DMF and cyclohexane is well-stabilized by a
polyisoprene-block-polymethyl methacrylate (PI-b-PMMA) copolymer and
leads to the generation of “microreactors”, wherein the polymerization can
occur. The PI-b-PMMA copolymer has a number average molecular weight
of 60 kg'mol™ with a polydispersity (PDI) of 1.03. Due to the low interfacial
tension between the two organic solvents, high molecular weight is
necessary. The molar block composition of this copolymer is 69 % PI and
31 % PMMA (DPp, = 677; DPpvma = 142). This composition leads to both a
good steric repulsion between the dispersed droplets and to an anchoring

effect inside the droplets.*" "]

The polymerization of PU microspheres was performed using two different
catalysts: bis(2-dimethylaminoethyl) ether (BDMAEE) and
1,4-diazobicyclo[2.2.2]octane (DABCO). In general, higher intermolecular
forces between water and catalyst result in a greater ability to decompose
the isocyanate to CO, and amine.’® Whereas BDMAEE effectively
promotes the reaction of water and isocyanate leading to urea formation,
DABCO coordinates larger isocyanates and alcohol and favors the urethane
formation.!"® Due to this selectivity of the catalysts, a polymerization of
only one catalyst does not lead to porous PU particles, since either no
particles at all (catalyst: BDMAEE) or non-porous PU particles (catalyst:
DABCO) are obtained. Hence, a combination of the both catalysts is
necessary for the formation of both PU and polyurea and to produce porous

particles, depending on the amount of water in the emulsion (Table 4.5.1).
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Table 4.5.1. Experimental conditions and results of the preparation of PU microspheres in
nonaqueous emulsion polymerization.

Molar
D, D9 d ratio
Amount  Surface My @ h
of Water Area® urethane
Sample (DLS) (SEM) kol PDI ®
(mmol) (m>g™ ( gl;no Jurea”
(um) (um)
(%)
2.03 = 207+
1 0 2.8 0.30 0.34 5.3 1.65 79
2 0.78 37 26022; 167211 8.79 1,529 24
3 1.67 15.1 2(')3??()* 1(')9;41' 6.69 1.379 18
4 3.27 6.8 2(')217; 1684?; 6.59 1.369 14

Emulsion: DMF (26.0 mmol) dispersed in cyclohexane (185 mmoal) stabilized by Pl-b-PMMA (0.21 g);
Polymerization: BHC (1.5 mmol) + MDI (1.6 mmol) + DABCO (0.10 mmol) + BDMAEE (0.31 mmol) +
water (0 — 3.27 mmol) at ambient temperature for 15 min. The errors are standard deviation from 10
DLS measurements.

2 Surface area determined via nitrogen adsorption and desorption isotherms. ® hydrodynamic diameter

c

determined via DLS. ° average diameter of 200 randomly chosen particles from various SEM

micrographs. ¢ degree of polymerization determined via GPC vs. PMMA standards. © polydispersity
index determined via GPC vs. PMMA standards. " derived from FTIR-spectroscopy measurements. °
N-methylated polyurea and polyurethane.

In an emulsion polymerization in the absence of water (sample 1, Table
4.5.1), the polymer displays the molecular weight of 5.3 kg'mol™ and the
PDI of 1.65 measured by gel permeation chromatography (GPC). According
to the Carothers equation, this implies a conversion of 0.99 for this step-
growth reaction against the used PMMA standard.'*® The molecular
weights of the polymers (samples 2-4, Table 4.5.1), obtained from the
polymerizations in the presence of water, could not be measured at first.
This is due to the insolubility of these polymers originating from the “hard”
urea-segments in the polymer chain, which form hydrogen bonds.!***2! By
N-methylation,””™ the hydrogen bonds of the urea-segments can be broken,
and thus, the N-methylated polymers were well-soluble in DMF for GPC
measurements. These polymers are observed with molecular weights up to
8.7 kg'mol™ and a PDI as low as 1.36.
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Figure 4.5.2. SEM micrographs of (a, e) non-porous and (b-d, f) porous PU particles. The
amount of water during the polymerization was varied (a-d: 0, 0.78, 1.67, and 3.27 mmol of
water).

In order to determine the size of the polymers, the PU particles were studied
by dynamic light scattering (DLS) and scanning electron microscopy
(SEM). As derived from SEM micrographs (Figure 4.5.2), they exhibit
approximate diameters of 2 um with a narrow distribution, which are similar
to the data from the DLS measurements (Table 4.5.1). The isotropic shape
of the particles originates from the exclusive solubility of all reaction
components in the dispersed phase. By increasing the amount of added
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water from 0 to 1.67 mmol (Figure 4.5.2 a-c), the surface morphology of the
particles is drastically changed from smooth to porous particles. It can be
attributed to the added water, which controls the amount of released CO..
This results in the porous structure of the spherical particles. In the case of
sample 4 (Figure 4.5.2 d, Table 4.5.1), the amount of released CO, appears
to be sufficient for rupturing the resulting particles. The mean pore
diameters of the spherical porous particles ranged from 58 = 27 nm
(sample 2; Figure 4.5.2 b) to 89 + 27 nm (sample 3; Figure 4.5.2 ¢), that
indicates a growth in pore diameter due to the blowing effect caused by the
higher amount of released CO..

The surface areas of these particles increase for samples 1-3 from 3 m*g™ to
15 m>g™, depending on the employed amount of water (Table 4.5.1). From
the low surface areas of these particles, it is assumed very small nanopores
are not formed. This is desirable since MAO activated complexes can only
be adsorbed into larger pores.'"”? Sample 4 shows even lower surface area,
and we assume that in this case too much CO, was formed causing the
rupture of the particles. These results show that porosity can be well
adjusted by the addition of water without losing shape control. Comparing
these results with silica, which delivers broad particle size distribution and
irregular shape of secondary particles™, the porous PU particles are
advantageous: they possess uniform shape, a controlled size with a narrow

size distribution and a well-defined morphology.
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Figure 4.5.3. LSCFM image of the porous particles stained with Rhodamine B.

To homogeneously immobilize metallocene catalystyMAO complexes onto
supporting materials, the pores in the supports should be interconnected
with one another. In order to demonstrate the presence of an open pore
architecture, the porous particles (sample 3; Figure 4.5.2 ¢) were stained
with a fluorescence dye and visualized via laser-scanning confocal
fluorescence microscope (LSCFM). Rhodamine B (RhoB) was chosen as
the staining dye due to its high solubility in methanol and the suitable
emission wavelength for LSCFM studies.”® In Figure 4.5.3, RhoB-stained
porous PU particles show the accessibility of the inner particle-pores, since
the dye is well distributed over the whole PU microspheres and not only on

the surface. The fluorescence image of the RhoB-stained porous PU

99



Results and Discussion

particles indicates that they have “interconneted-pores”. In case the pores
are not connected, a fluoresence dye can be detected exclusively at the
surface of the particles. This demonstrates that two main requirements for a
good support, a very homogeneous particle size and an open porous
structure, for metallocene-catalyzed polymerizations have already been
fulfilled.

Ethylene polymerization on polyurethane particles

To investigate the feasibility of polyurethane (PU) microspheres for
heterogeneous polyolefin (PO) synthesis,
bis(methylcylcopentadienly)zirconium(IV) dichloride (MCP) was chosen as
a model catalyst. For the immobilization on the organic supports, the
catalyst was dissolved in toluene and pre-activated with methylaluminoxane
(MAO) which is the most common co-catalyst for metallocenes. The PU
microspheres obtained via nonaqueous emulsion polymerization were dried
under vacuum at elevated temperature and the MAO/MCP mixtures were
added. These MAO/MCP complex-containing PU particles were obtained
after filtration through a glass frit and were used after drying under vacuum.
The correlation between catalytic activity towards ethylene polymerization
and surface areas of PU microparticles was studied. The polymerizations
were performed in a gas phase reactor at 3 bar and 40 °C. To facilitate a
comparison, all samples were prepared under the same conditions with
respect to the amount of PU particles, concentration of metallocene catalyst,
ratio of MAO/MCP, temperature and drying time under vacuum. The results
of the ethylene polymerization in the gas phase reactor are summarized in
Table 4.5.2.
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Table 4.5.2. Ethylene polymerization results of the PU particles in a gas phase reactor.

Loading
of
catalyst
Amount L o
Sample system of MAO Activity T, My
<)
a) (umol catalyst (umol) [Al)/[zr] (kgPE-(mol - (kg-mol PDI
zr Zr-h-bar)™) D)
(Hmol)
B
Cat.)”)
1 25 3.1 310 100 6 n/d n/d n/d
2 25 3.1 310 100 39 137.5 1077 5.8
3 25 3.1 310 100 202 139.0 657 15.8
4 25 3.1 310 100 177 139.6 627 17.1

Polymerization conditions: 3 bar of ethylene at 40 °C for 30 min.
2 Corresponding sample number in Table 1. ® Determined by DSC. © Analyzed by GPC (PS-standard).

The final polyethylene products were obtained as well-defined beads.
Neither dust-like products nor reactor fouling was observed due to the gas
phase reactor setup, preventing catalyst leaching and aggregation of
particles. Activities of MAO/MCP-supported PU particles toward ethylene
polymerization were in the range of 6 to 202 kg of polymer (mol of
Zr-h-bar)?. Sample 3 displayed the highest catalytic activity, since the
applied PU microspheres possess the highest surface area (sample 3, Table
4.5.1). Sample 1 having the lowest surface area showed the lowest activity
among the samples under the same polymerization conditions (Table 4.5.2).
Although the value of activity is quite low as compared to conventional
silica support system, these results demonstrate a correlation between
surface area and catalytic activity. This is in good agreement with literature
as it is known that the catalytic activity is strongly dependent on the surface
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area of the support especially for silica in heterogeneous polyolefin

synthesis.’2**!

To characterize the melting behavior of the products, DSC measurements
were performed. The samples possessed melting points (Ty,) in the range of
137-140 °C which are slightly higher than typical values for high density
polyethylene (HDPE). These values might be related with the content of PU
which generally has a higher T, and PE. The weight-averaged molecular
weights (M,,) were measured after extracting the soluble part in 1,2,4-
trichlorobenzene (TCB) at 140 °C. In this way, polyolefins can be
selectively extracted as PU is insoluble in TCB. The M, of the soluble
polymer was determined by GPC to be in the range of approximately 6.3 to
10.7 x 10% kg-mol™ which are typical values for metallocene catalysts.
These samples show the unusually broad polydispersities (PDI) of 6 to 17
for heterogeneous metallocene polymerization. Several possible
explanations can be suggested, although further studies on the broad PDI
were not followed. In the case of Ziegler-Natta catalysts, due to the
formation of the multi-active sites, it results a broad range of PDI.[242%] Ag
similar to that, the PU particles might have a multi-site catalyst due to the
coexistence of polyurethane and polyurea. As M, increases with the urea
content of the different supports (Table 4.5.1), we assume that the urea
structural moiety reacts with the cationic metallocene species (after MAO
activation) leading to a catalytic site with a different activity than the non-
bonded complex. Another explanation is a fragmentation behavior of the PU
particles during the ethylene polymerization. Generally, conventional silica
particle-supported metallocene fragmentizes by a “layer-by-layer” mode.'™™
Due to the almost regular fragmentation of silica particles, it results
commonly a PDI in the range of 3 to 5. In case of the PU particles, due to
the hard segment of polyurea, mechanical strength is relatively higher than

the conventional silica case. This difference might affect the irregular speed
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of fragmentation and results in a various polymerization time on the outer

layer through the core of the PU particles.

The growth of particles over the olefin polymerization time is typically
related to the surface area and particle size of the supports. In order to
investigate the influence of the surface area on the activity toward ethylene
polymerization, a gas phase reactor equipped with an optical video
microscope was applied. For comparison between non-porous PU particles
(sample 1, Table 4.5.1) and porous PU particles (sample 3, Table 4.5.1),
ethylene polymerizations were performed under same condition. During the
ethylene polymerization, MCP/MAO-supported PU particles (non-porous
and porous) were photographed every 10s using the optical video
microscope. The volume of the PU particles were calculated from the
photographs based on the assumption that all particles have isotropic shape
and spherical shape. The values of volume were normalized and plotted as a

function of polymerization time (Figure 4.5.4).
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Figure 4.5.4. Graphs of normalized volume of (a) non-porous PU microspheres and (b)
porous PU microspheres as a function of ethylene polymerization time from a gas phase
reactor equipped with an optical microscope.

The porous PU particles showed significant volume changes of particles
over ethylene polymerization (Figure 4.5.4 b), comparing to the non-porous

particles (Figure 4.5.4 a). Similar behavior was observed in the literature
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when studying aggregates of nanoparticles vs. Merrifield resins!?® of
similar size corresponding to the studied porous and nonporous supports.[*e
In the case of the resins, the catalysts are localized only at the surface of the
particle. This results in a highly active catalyst layer where the diffusion is
too limited to deliver sufficient monomer. As a result the activity drops,
additionally, overheating may occur in this highly active zone forming a
very dense molten layer which further limits the diffusion. In the case of a
fragmentable support, the catalyst is homogeneously distributed within the
whole particle, diffusion problems and overheating effects become
negligible, and the activity remains high. Furthermore, due to fragmentation,
large cracks are formed facilitating the monomer transport into the interior

of the supported catalyst system.[!"”

Morphology of the obtained polyolefin/polyurethane particles

Morphology of the final products, especially the spherical shape, is of
important for the processing of polyolefins. Morphology studies on the PE
particles obtained from a gas phase reactor were conducted via SEM and
cryo-TEM. For non-porous PU particles (sample 1, Table 4.5.2), the smooth
surface was vanished after 5 min of ethylene polymerization as shown in
Figure 4.5.5 a. For elucidating the internal structure of the PE particle they
were studied via cryo-TEM. By this method, two phases with different
contrasts were detected in the particles (Figure 4.5.5b). The brighter
spherical part in the core of the obtained particle originates from the PU.
The darker rim around the spherical particle corresponds to the PE formed
by the MCP/MAOQO complexes. This core-shell structure indicates that the
MCP/MAO complexes were immobilized only on the outer surface of the
non-porous PU particles, which led to ethylene polymerization exclusively

around the PU particles.
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Figure 4.5.5. SEM and cryo-TEM micrographs of non-porous PU particle (a,b). SEM
micrographs of most porous PU particle (c,d) after ethylene polymerization.

For the porous PU particles, a significant growth of the diameter of the
supporting particle was observed during the ethylene polymerization
(sample 3, Table 4.5.2). According to the SEM micrograph shown in Figure
4.5.5 c, the obtained products were approximated 100 micrometer-diameter
particles with a spherical shape. With higher resolution, it was observed that
the outer layer of the obtained products was composed of PE and
fragmented PU as shown in Figure 4.5.5 d. Before ethylene polymerization,
the mean pore diameter of the porous PU particles was 89 + 27 nm, as
derived from the SEM micrograph (Figure 4.5.2 c). Remarkably, the
distance between the PU fragments becomes much wider after
polymerization. It indicates a fragmentation induced by the mechanical
stresses of the growing PE chains in the pores. Cryo-TEM shows no
distinguishable boundary between PU and PE which also indicates a
homogeneous distribution of PE in PU. To further investigate the

fragmentation behaviors, laser scanning confocal fluorescence microscopy
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(LSCFM) was applied to the PE particles. This technique allows the optical

sectioning of an object containing a suitable dye without any physical
£ 182, 189]

destruction of the sample itsel

Figure 4.5.6. (a) SEM micrograph of the ethylene polymerized particles obtained from
metallocene supported on the dye stained porous PU particle. LSCFM micrographs of (b) a
single PE particle and (c) its 12 slices of PE particle by optical sectioning from top of the
particle (1) to the middle of the particle (12).

After staining the porous PU particles with RhoB, ethylene polymerization

was performed under the same conditions as previously mentioned for non-
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stained PU particles. A comparison between the catalytic activities of
stained and non-stained particles shows negligible differences, indicating
that RhoB has no influence on the polymerization. To compare the
morphologies of stained and non-stained particle, SEM was performed. As
shown in Figure 4.5.6 a, the outer layer of the ethylene polymerized particle
is composed of PE and the fragmented PU, revealing similar fragmentation
behavior as the non-stained case. Information on the internal structure of the
PE particles was obtained by LSCFM. Figure 4.5.6b displays the
fluorescence image of the PE particle produced with a gas phase reactor
after a 30 min polymerization. The PE particles having a diameter of around
10 um maintain their spherical shape and display multiple fluorescence
spots (green colored) that are considered to be PU fragments. The spherical
shape of PE particles indicates that the replicated fragmentation of PU
particles occurs during ethylene polymerization, and the monomer can
continuously diffuse to the active sites within the PU particles. By optical
sectioning of LSCFM, the PE particle was further investigated from top of
the particle to its middle. Figure 4.5.6 ¢ shows the homogeneous distribution
of the dye throughout the PE particle, indicating the porous PU particle is
well fragmented and dispersed during the ethylene polymerization. The
fragmentation behavior of the PU particles implies that metallocene
catalysts have been evenly immobilized over the support materials since
otherwise the LSCFM would contain larger inhomogenities.

Conclusion

Metallocene-catalyzed ethylene polymerization has been performed using
organic supports based on polyurethanes which possess micrometer-sized
diameters with a controlled morphology, size distribution and porosity.
While up to now, supports for metallocenes have always needed a two-step
procedure, separating the primary and secondary particle formation. We
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have demonstrated that similar supports can be created in a simple one-pot
reaction. The PU microspheres can be easily adjusted in size and porosity in
a nonaqueous emulsion polymerization by adding small amounts of water to
form CO; as blowing agent. A process based on the agglomeration of
nanoparticles as it is the case for silica supports or organic nanoparticles
results in secondary particles with a non-spherical shape and a broad size
distribution. As a replication of the shape and size is normally occurring
when using them as supports in metallocene-catalyzed olefin polymerization
also the products are not becoming very uniform. Industry overcomes that
by sieving of the supports. Our system here is avoiding the aggregation step
as the porosity of the supports is obtained by combining particle formation
with a blowing process, creating micrometer size particles with a
microporous structure in a one-pot reaction in a confined geometry. Further
separation of the particles is not required, and they can be directly used as
uniform carriers in the olefin polymerization. Other essential requirements
for metallocene supports are also fulfilled by these particles. Although the
porous PU particles-supported metallocene system display relatively lower
activity as compared to the conventional silica support. They are
fragmentable and the catalyst can be loaded within the whole particle due to
the open pore structure. Although not all necessary properties to consider
the microporous PU particles as a new support were fulfilled, we can
address that the PU particles are advantageous in terms of tunable porosity,
open pore, and isotropic shape as well as one-step procedure of support

particle preparation.

Experimental
General methods and materials

All air and water sensitive reactions were performed using standard Schlenk

techniques or a glovebox system under inert atmosphere. 4,4'-

108



Results and Discussion

Methylenebis(phenyl  isocyanate) (MDI) 98 %  purity, 1,4-
diazabicyclo[2.2.2]octane (DABCO), 1,4-bis(hydroxymethyl)cyclohexane
(BHC) and bis(2-dimethylaminoethyl)ether (BDMAEE) were purchased
from Sigma-Aldrich and used as received. N,N’-Dimethylformamide (DMF)
and cyclohexane were obtained from Acros organics and dried over CaHo,
and stored over molecular sieves (4 A) after distillation. Polyisoprene-block-
polymethyl methacrylate (Pl-b-PMMA) copolymer was prepared using a
sequential anionic polymerization technique. 2%
Bis(methylcyclopentadienyl)zirconium(lV) dichloride (Aldirich, 97 %) was
purchased and used as received. The cocatalyst, methylaluminoxane
(MAO), was purchased from Aldrich as a 10 wt% solution in toluene and
used to activate the metallocene complex. For the immobilization procedure,
dried toluene (Acros) was purchased and used after further purification via
distillation over Na/K and benzophenone. For ethylene polymerizations in a
gas phase reactor, ethylene (Linde AG, grade 5.0) was purified by passing
through sequential columns of activated 4 A molecular sieves, BASF R3-15

deoxygenation catalyst, a NaAIEt, and an activated 4 A molecular sieve.

Preparation of the porous polyurethane particles

The porous PU particles were synthesized by self-expansion in nonagueous
emulsion. PI-b-PMMA copolymer (0.210 g) was magnetically stirred in
cyclohexane (15.60 g, 185 mmol) at room temperature. BHC (0.216 g, 1.50
mmol), DABCO (0.012 g, 0.10 mmol) and BDMAEE (0.050 g, 0.31 mmol)
were dissolved in DMF (1.430 g, 19.5 mmol) and then added dropwise to
the cyclohexane/P1-b-PMMA dispersion. The emulsion was treated with
sonication for 15 min by a Bandelin Sonorex RK255H ultrasonic bath
operating at 640 W. During sonication, a defined amount of water was
added. MDI (0.400 g, 1.60 mmol) was dissolved in DMF (0.480 g, 6.50
mmol) and added dropwise to the emulsion under inert atmosphere. The
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emulsion was stirred for 15 min at room temperature in order to generate
polyurethane particles with a water-dependent porosity. A sample was taken
out of the emulsion in order to analyze the particle size and morphology via
dynamic light scattering (DLS) and scanning electron microscopy (SEM).
The particles of the remaining emulsion were precipitated in methanol and
separated by centrifugation to form 0.60 g of a white solid. The degree of
polymerization (DP) and the polydispersities (PDI) were determined via

GPC after drying the solid under vacuum.

Structural characterization of porous polyurethane particles

To determine the molecular weight and the PDI of the polyurethane gel
permeation chromatography (GPC) was carried out at 30 °C using MZ-Gel
SDplus 10E6, 10E4 and 500 columns in tetrahydrofuran (THF) as the eluent
vs. PMMA standards. The detector was an ERC RI-101 differential
refractometer. The composition of the block copolymers was determined by
'H-NMR spectroscopy (Bruker Avance spectrometer, 300 MHz) in
dichloromethane (DCM) via peak analysis. SEM (Zeiss Gemini 912) was
performed on samples prepared via drop-casting of the particle dispersion
on a silica wafer. DLS was used to determine the size of generated
polyurethane particles. The measurements were performed on a Malvern
Zetasizer 3000 with a fixed scattering angle of 90° and on an ALV/LSE-
5004-correlator using a He/Ne-laser operating at 632.8 nm. Fourier
transform infrared (FTIR) measurements were performed on a Nicolet 730
FTIR spectrometer using a thermo electron endurance attenuated total
reflection (ATR) single-reflection ATR crystal. The specific BET surface
area of the porous PU particles was examined by nitrogen adsorption and
desorption isotherms at 77 K with a Micromeritcs Tristar 11 3020 analyzer
(USA).
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Staining the polyurethane particles with Rhodamine B

The PU particles (100 mg) were placed in a 50 mL round-bottomed flask
with 10 mL of methanol. The solution of Rhodamine B (4.7 mg, 0.01 mmol)
in methanol (10 mL) was separately prepared and added to the flask. The
flask was mounted on a shaker with 100 rpm at ambient temperature
overnight. The solution was removed by a syringe and 20 mL of fresh
methanol was added again to wash the particles. This procedure was
repeated several times until there was no leaching of the dye from the
particles. The Rhodamine B stained PU particles were filtered and dried

under reduced pressure.

Immobilization of the metallocene catalyst on the polyurethane particles

The immobilization of the catalyst on the PU particles was carried out under
inert atmosphere. The PU particles were dried overnight at elevated
temperature under reduced pressure and delivered into a glovebox. The
particles (0.5 g) were placed in a 50 mL Schlenk flask with 20 mL of dry
toluene. In order to extract the residual water in the PU particles, the flask
was mounted on a shaker at 100 rpm. After 3 h, the toluene was removed by
a syringe, and 20 mL of fresh toluene was added again. This procedure was
repeated 3 times. After removal of toluene from the flask, a mixture of
toluene (4.0 mL) and a 1.0 M MAO solution (1.0 mL) was added into the
flask and shaken for additional 3 h to make sure there was no residual water
in the PU particles. The particles were washed with toluene (3 x 5 mL) prior
to addition of the catalytic solution. Separately,
bis(methylcyclopentadienyl)zirconium(1V) dichloride (MCP) (10 mg, 0.03
mmol) was dissolved in toluene (5 mL) and stirred for 5 min to preactivate
with the addition of MAO solution. To the flask containing the PU particles,
the solution of MCP/MAO complex was added at room temperature, and the

flask was shaken at 100 rpm overnight. The resulting particles were washed
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with toluene (3 x 5 mL) and dried under reduced pressure. The calculated
support loading was estimated to be 33 umol of Zr-(g of PU particles)™. The

aluminum to zirconium ratio was estimated as 100:1.

Polymerization procedure in a gas phase reactor

All ethylene polymerizations were performed in a customized 100 mL
volume autoclave (Premex reactor gmbh) equipped with an external heating
controller and a connection line to ethylene supply. Prior to the
polymerization, the autocalve (gas phase reactor) was evacuated at 80 °C at
5.0 x 10™ mbar overnight to remove moisture and oxygen. Subsequently,
the reactor was delivered to a glove box, and the PU particle-supported
MCP/MAO was placed in the gas phase reactor under inert condition. After
removal from the glove box, the reactor was connected with a vacuum line
which had an internal ethylene supply valve. The line was heated overnight
at 150 °C under reduced pressure. The reactor was heated to the desired
temperature by an external heating controller. After the temperature had
stabilized, ethylene polymerization was initiated by charging with a desired
pressure of ethylene. The polymerizations were terminated by releasing the
monomer, and subsequently, the products were exposed to air to quench the

catalysts.

Characterization of polyethylene/polyurethane composites

Melting points (Ty,) of products were determined by differential scanning
calorimeter (DSC) using a heating rate of 10 °C/min in the temperature
range of 20-200 °C. For gel permeation chromatography (GPC)
measurements, the obtained polymer from the PU particles was dissolved in
1,2,4-trichlorobenzene (2.0 g/L concentration). After filtration by a glass

syringe equipped with a membrane (Milipore, Miltex™ membrane, 5.0 um
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LS), GPC was performed on a Waters 150-C gel permeation chromatograph
at 145 °C using three TSKgel columns (two sets of TSKgelGMHur-H(S)HT
and TSKgelGMHg-HTL) with refractive index detection and calibration
versus narrow polystyrene standards. For morphological observations,
scanning electron microscopy (SEM) was carried out at low-voltage using a
LEO 1530 Gemini, Zeiss. For stained PU particles, laser scanning confocal
fluorescence microscopy (LSCFM) was performed using a Zeiss Axiovert
200M equipped with a LSM 510 ConfoCor 2. For cryo-sectioning, the
particles were embedded in a mold using an epoxy resin and sectioned by a
Leica ultracut UCT with a various thickness under liquid nitrogen stream.
For cryo-transmission electron micrographs (TEM), the sectioned samples
with 60 nm thickness were placed on a 300 mesh carbon-coated copper grid
and measured with a Zeiss EM912 operating at 80 kV. The analysis of the
particle diameters from SEM and TEM micrographs was carried out using

the ImageJ program.
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5 Annotations / Unpublished Results

5.1 Reproducible Synthesis of Poly(L-Lactide)

Nanoparticles

The described methods in chapters 4.1, 4.2, and 4.3 likewise involve the
ring-opening  polymerization of  L-lactide  with  1,3-bis(2,4,6-
trimethylphenyl)-2-imidazolidinylidene (SIMes) as a catalyst. Also, they
describe to use a poly(isoprene)-block-poly(ethylene glycol) (Pl-b-PEG)
copolymer to emulsify the resulting particles in nonaqueous emulsion. The
fundamental work of how to synthesize poly(L-lactide) nanoparticles in a
single step, where those methods are based on, is described in my diploma
thesis™*?: it comprises the challenges of finding a suitable catalyst for the
ring-opening of lactide at room temperature and the synthesis of emulsifiers
that stabilize a nonaqueous emulsion, while being inert to this sensitive

catalyst.
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5.2 Reproducible Synthesis of Poly(Urethane)

Particles

In chapter 4.5, the synthesis of PU particles having different porosity and
their use as a support material for ethylene polymerizations has just been
described. This chapter 5.2 describes the pathway toward the reproducible
generation of porous PU structures, where only the water content determines

the porosity of particles.

Former group members Kevin Miller and Yi Gerkmann studied the
synthesis of porous PU particles as well. Kevin Miiller used BHC as the diol
component, MDI as the isocyanate component, and dibutyltin diacetate
(DBTDA) as catalyst!®*l. As described in his dissertation'®®!, he succeeded in
generating porous structures. Attempts to reproduce such porous structures
in order to use them as a support, however, failed: particle porosity could
not be achieved. The tin catalyst was strongly suggested to be the reason for
the missing porosity. DBTDA strongly catalyzes the reaction of isocyanates
and diols (gelation reaction) owing to the electron-withdrawing acetate
groups and the resulting high Lewis acidity of the tin species®™®. To
generate pores, the reaction between the isocyanate and water molecules
must be promoted (blowing reaction). In general, the effectivity of water
chelation by the catalyst determines its blowing selectivity: an increase in
both a) the number of hydrogen-bonding sites and b) the ratio of ligands per

water molecule favors the blowing reaction*®!.

BDMAEE TEDA

”"- \ / \ .“\\ / \
) N/ (@) N .-
VAN // \ N’\/N H\O/H
/ 7

\O/

Figure 5.2.1. Scheme of water chelation by either BDMAEE or TEDA.
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For example, bis(2-dimethylaminoethyl)ether (BDMAEE) has a higher
blowing selectivity than triethylene diamine (TEDA)?®! - while BDMAEE
possesses three binding sites and allows multidentate chelation of water?*®!,
TEDA has two binding sites and chelates a water molecule with only one
site, due to the molecule’s rigidity!?®® (Figure 5.2.1).

To start with, TEDA was used as a catalyst. Due to aforementioned reasons,
it is a catalyst with a rather low blowing selectivity®®! Based on Kevin
Miller’s work?®!, BHC and MDI were reacted in a nonaqueous emulsion
for 8 h at 40°C (Figure 5.2.2).

Dispersed

Cyclohexane Micelle BHC Nonaqueous Poly(urethane)
Formation + Emulsion anoparticles
TEDA MDI Nanoparticles
PI-b-PMMA + +
DMF DMF
—— —_— —_—

Diffusion of
into the Droplets

Stirring

Figure 5.2.2. Scheme for the preparation of PU particles in nonaqueous emulsion.

After micelle formation, BHC and TEDA were dissolved in DMF and
subsequently dispersed. The addition of MDI and its diffusion into the
droplets started the polymerization. In the absence of water, the
polymerization led to stably dispersed PU particles having a smooth surface
(Figure 5.2.3).
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Figure 5.2.3. SEM micrograph of PU particles, synthesized in nonaqueous emulsion.

The particles were completely soluble in THF, proving the absence of hard
poly(urea-urethane) segments that are caused by the blowing reaction®. In
order to generate porous structures, the polymerization was repeated, but
this time, equimolar amounts of water were added to the emulsion before
polymerization. However, the resulting particles were not porous.
Therefore, they were spherical and possessed a wrinkled surface (Figure
5.2.4).
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Figure 5.2.4. SEM micrograph of PU particles that were synthesized in nonaqueous
emulsion, wherein equimolar amounts of water were present.

The surface topology indicated a blowing reaction at some point of the
reaction. In order to elucidate whether a soluble polymer skin is being

formed on top of porous particles, the particles were washed with THF.

Figure 5.2.5. SEM micrograph of PU particles before (A) and after (B) THF washing.

Figure 5.2.5 shows that treatment with THF did not lead to porous structures

in this case. The particle in Figure 5.2.5 B possesses an irregular and
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nonporous morphology. From this observation, it was assumed that soluble
PU was likely being formed on top of THF-insoluble hard
poly(urea-urethane) segmentst?®®, what indicates that the blowing reaction
must have occurred rather in the beginning of the polymerization.
Nonetheless, this washing approach was not pursued due to lack of control.

To postpone the release of CO, to the end of the polymerization,
experiments were performed where water was added either stepwise or at
the end of the experiment. However, the results did not vary from those
before: particles with wrinkled surfaces were obtained. Also, changing the
BHC/MDI ratio in favor of the isocyanate component to promote the
blowing reaction didn’t lead to porous structures. The low blowing

selectivity of TEDA was suggested to be the reason for that.

Therefore, a second catalyst was introduced to the procedure: BDMAEE is a
catalyst that promotes the reaction of isocyanate and water®®!. Different
catalyst ratios (BDMAEE : TEDA) were studied. A polymerization with a
catalyst ratio of roughly 3:1 in favor of BDMAEE turned out to finally lead
to porous particles, however with a pore diameter of 1.17 £ 1.07 um (Figure
5.2.6).
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Figure 5.2.6. SEM micrograph of PU particles having craters on the particle surface
(reaction time = 4 h).

The large pore size is evidence of a strong blowing reaction throughout the
polymerization. However, to obtain a large surface area for catalyst
immobilization, the pore size had to be decreased. Therefore, the reaction
temperature was lowered from 40 °C to room temperature, since low
temperatures slow down the reaction between the isocyanate and water®%.
In this way, the blowing reaction most likely occurs gradually and less
intense. Furthermore, different reaction times were chosen (t=8h and

t = 30 min) to investigate its dependence on potential pore formation.
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Figure 5.2.7. SEM micrographs of PU particles. Left: porous particles after a reaction time
of 30 min. Right: particles after a reaction time of 8 h.

Figure 5.2.7 demonstrates that the reaction time strongly influences the
particle porosity. While the reaction after 30 min gave highly porous
structures (Figure 5.2.7 left), the particles after 8 h of polymerization were
obviously not porous. Despite the comparatively shorter polymerization
time, the molecular weight of the highly porous particles was 8700 g-mol™,
implying a conversion of > 0.99 according to Carothers equation™®!. Hence,
the reaction time frame (t = 30 min) suffices for complete polymerization.
The fact that the PU particles after a polymerization time of 8 h are
nonporous, indicates that either the pores collapsed at some point due to
energy input (strong stirring) or the polymer chains in the dispersed phase
reorganized. Potential driving force for reorganization is the intermolecular
formation of hydrogen bonds: poly(urea) is known to form strong hydrogen

bonds™*®Z,

The reactions were repeated three times to demonstrate reproducibility.
Furthermore, reactions with different water contents demonstrated

adjustable porosity (see chapter 4.5).

In conclusion, reproducible porous PU particles having tunable porosity
were obtained. A combination of two catalysts (TEDA and BDMAEE) was
used to ensure both a) polymers with high molecular weights and b) CO,
formation during polymerization and a resulting porous structure. The
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reaction time was demonstrated to highly influence the porosity of the
particles. This reproducible synthesis of porous PU particles was further
used as starting point for the production of poly(ethylene) particles,

described in chapter 4.5.
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6 Summary and Outlook

The nonaqueous emulsion was proven to be a highly versatile system for the

generation of particles that are distinctively functionalized for the desired

application.
H,C=CH,
~ Porous
Poly(Urethane)

Particles

Functional
Emulsifier

Figure 5.2.1. Overview of the achieved particle dispersions with their most striking features
for a desired application.

Within this system, drug-carrying nanoparticles were accessible that showed
selective drug release in tumor tissue. The approach in nonagueous
emulsion allowed for a successful moisture-sensitive polymerization of
L-lactide in a single step. The resulting well-defined PLLA nanoparticles
were readily transferred into aqueous medium, retaining their initial size of
roughly 100 nm, which is in the ideal size range of a drug delivery system
(50 <d <250 nm)1 %% To use such particles for drug delivery,
bioresponsivity had to be imparted to selectively release encapsulated drug
molecules. Therefore, a peptide was designed that on the one hand
contained a sequence, which is selectively cleaved by tumor-associated
enzymes, and on the other hand possessed two hydroxyl groups on each side
of the peptide to initiate the lactide polymerization. Owing to the
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bifunctionality of the peptide, the resulting PLLA-b-peptide-b-PLLA
copolymers in the particle had a predetermined breaking point in the middle
of the polymer. When incubated with cancer cells, those particles showed
drug release and corresponding cytotoxicity. On the contrary, particles
having a scrambled peptide that is not enzymatically recognized showed no
cytotoxicity, demonstrating the polymer constitution to be the only trigger

for drug release.

Instead of a cleavable peptide, the use of a drug-binding peptide within the
peptide sequence is conceivable: they not only stably bind drugs such as
doxorubicin®, but they also lower multi-drug resistance, which has
remained a major obstacle in cancer chemotherapy™™™. Furthermore, this
system might be applicable to diseases besides cancer as well, such as
inflammatory diseases, which would make this design more universal. By
interchanging the peptide, atherosclerosis e.g. could be addressed: various
peptides were proven to target cysteine proteases (cathepsins)!?*?, which are

overexpressed in atherosclerotic lesions!?*!.

In a further project, defined porous PU particles were successfully
synthesized in nonaqueous emulsion and were subsequently applied as
support material for ethylene polymerization. Porosity was achieved by
adding water to the nonaqueous emulsion before polymerizing isocyanates
and diols. The reaction of isocyanates and water causes release of gaseous
carbon dioxide. The fact that the amount of water could be precisely
adjusted in nonaqueous emulsion gave control over the porosity, the
corresponding surface area and the amount of immobilized catalyst on the
PU support. They, in turn, strongly correlated with the PE product after
ethylene polymerization: while the polymerization on nonporous PU
support showed low monomer consumption and resulted in comparatively
small particles, ethylene polymerization on porous PU supports led to
significantly larger PE particles. A microscopic fragmentation study of

124



Summary and Outlook

dye-labeled particles before and after ethylene polymerization demonstrated

full fragmentation only in the case of porous PU supports.

Despite the advantages of tunable porosity, the isotropic shape and the
one-step procedure of support synthesis, the PU particle cannot be
considered as profitable substitute for conventional silica supports in a

large-scale production due to its significantly lower reactivity.

Within this dissertation, the synthesis and application of a PEG-b-PGlu(Pyr)
copolymer as efficient emulsifier for the PLLA particle formation in a
nonpolar solvent was demonstrated. Upon UV irradiation and subsequent
removal of hydrophobic pyrenyl methyl units from hydrophilic PGlu, the
particle’s surface polarity was reversed from hydrophobic to hydrophilic. As
a result, the PLLA particles were effectively dispersed in water without
aggregation and further surfactants. The biocompatibility of the emulsifier’s
constituents (PEG and PGlu) was assessed and proven by cell viability

studies.

This new emulsifier is likely applied to other particle dispersions that
require transfer into aqueous medium. Within Chapter 4.4 it was strongly
suggested that entanglement of polymer chains (PLLA) with
PEG-b-PGIlu(Pyr) copolymers must occur, in order to achieve particle
stabilization by the entirely hydrophilic PEG-b-PGlu copolymer in water
(after UV irradiation). Such entanglement is likely occurring in other
polymerizations as well. But, what about bead structures which can’t
entangle, such as inorganic nanoparticles? Therefore, a functional group is
conceivable at the terminal position of the PEG block to achieve covalent
bonding of the emulsifier to the particle surface. In case of gold
nanoparticles, a thiol group in this position might afford this kind of
attachment. This allows for particle stabilization in organic solvent, wherein
gold nanoparticles are synthesized, and light-induced particle transfer into

water without the conventional addition of a further surfactant!**%.
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So far, the aggregation issue while transferring the particles from
nonaqueous into aqueous medium dominated the benefits of a nonaqueous
approach, such as the broad portfolio of techniques and applicable
components. Therefore, multi-step approaches including final immersion of
dissolved polymer into an aqueous surfactant solution remain predominant
in the literature. The new biocompatible emulsifier design, however, proved
to be applicable for the generation of particles in nonaqueous medium and
their stabilization in aqueous medium, without aggregation. So now the
benefits of the nonaqueous approach overweigh. As a result, this method
will potentially become a common tool for future custom-designed particle
dispersions that are borne in organic solvent and are applied as aqueous

dispersion.
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7.1 To 4.2: Biocompatible Polylactide-block-
Polypeptide-block-Polylactide Nanocarrier

General Remarks

All solvents and reagents were purchased from Sigma Aldrich if not stated
otherwise. The poly(isoprene)-block-poly(ethylene oxide) (PI-b-PEO)
copolymer was prepared using a sequential anionic polymerization
technique.® L-lactide and
1,3-bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene (SIMes) were used as
received. SIMes was stored under inert atmosphere at -20 °C. Lutensol AP
20 was obtained from BASF SE in Ludwigshafen. To determine the
molecular weight and the molecular weight distribution (MWD) of the
polylactide peptide conjugate a gel permeation chromatography (GPC) was
carried out at 30 °C using MZ-Gel SDplus 10E6, 10E4 and 500 columns in
tetrahydrofuran (THF) as eluent vs. polystyrene standards. The detector was
an ERC RI-101 differential refractometer. The composition of the block
copolymers was determined by ‘HNMR spectroscopy in deuterated
dichloromethane (DCM-d2) via peak analysis, using a Bruker Avance Il
spectrometer operating at 700 MHz. The structure of the polylactide peptide
conjugate was investigated via "HNMR spectroscopy and diffusion ordered
spectroscopy (DOSY) in deuterated dimethylsulfoxide (DMSO-d6). For a
'HNMR spectrum 128 transients were used with an 13,8 ps long 90° pulse
and a 12600 Hz spectral width together with a recycling delay of 5 s. The
temperature was kept at 298.3 K and regulated by a standard *H methanol
NMR sample using the Topspin 3.1 software (Bruker). The DOSY
(Diffusion Ordered Spectroscopy) experiments were done with a5 mm BBI
'H/X z-gradient probe and a gradient strength of 5.516 [G/mm] on the 700
MHz spectrometer. In this work, the gradient strength was 32 steps from 2
% to 100 %. The diffusion time d20 was optimized to 80 ms and the
gradient length p30 was kept at 1.4 ms. Scanning electron microscopy
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(SEM) images were taken using a Zeiss Gemini 912 microscope. The SEM
sample preparation proceeded the following way: the nanoparticles were
dispersed in cyclohexane and drop casted on a silica wafer. The average
diameters of the particles visualized in SEM images were determined by
diameter measurements of 100 randomly chosen particles. Dynamic light
scattering (DLS) was used to determine the droplet size of the investigated
emulsions and the size of generated polylactide-peptide nanoparticles. The
measurements were performed on a Malvern Zetasizer 3000 with a fixed
scattering angle of 90° and on an ALV/LSE-5004-correlator using a He/Ne-
laser operating at 632.8 nm.

Typical preparation of labeled Poly(L-lactide)-b-Peptide-b-Poly(L-lactide)

Nanoparticles

Pl-b-PEO copolymer (0.050 g) was magnetically stirred in cyclohexane
(14.4 g, 171 mmol) at room temperature. L-lactide (76.0 mg, 0.53 mmol)
and  9-bromo-N-(2,5,8,11,15,18,21,24-octaoxapentacosan-13-yl)perylene-
3,4-dicarboxy monoimide (PMI) (0.30 mg, 0.39 umol) were dissolved in
acetonitrile (0.230 g, 5.59 mmol) and then added dropwise to the
cyclohexane/P1-b-PEO dispersion. The emulsion was formed by treatment
with sonication for 15 min using a Bandelin Sonorex RK255H ultrasonic
bath operating at 640 W. SIMes (9.36 mg, 30.6 pumol) and the peptide
(15.3 pmol) were dissolved in acetonitrile (0.176 g, 4.29 mmol) and added
dropwise to the emulsion under inert atmosphere. The emulsion was stirred
for 15 min at room temperature to produce poly(L-lactide)-block-peptide-
block-poly(L-lactide) (PLLA-b-peptide-b-PLLA) nanoparticles. A sample
was taken out of the emulsion in order to analyze the particle size and
morphology via DLS and SEM. 5 ml of the emulsion were precipitated in

methanol, separated by centrifugation and dried in vacuo. The methanol
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solution was investigated through UV/Vis spectroscopy in order to
determine the amount of non-encapsulated dye. The orange colored polymer
was investigated via NMR spectroscopy and via GPC. Furthermore, this
solid was investigated by HPLC analysis in order to determine the

encapsulation efficiency.

The remaining emulsion was mixed with a 0.05 wt-% Lutensol AP 20
solution in order to disperse the obtained particles in aqueous medium. The
organic solvents were evaporated and the aqueous dispersion was dialyzed
against deionized water for 3 days in order to remove unreacted components
and organic solvents. Two samples were taken out of the emulsion: One
sample was diluted with water and investigated via DLS and SEM to study
the morphology. The other sample was dried in vacuo and the resulting solid
was analyzed via GPC and NMR spectroscopy. The remaining aqueous

dispersion was used for cell uptake experiments.

Synthesis and Characterization of 9-Bromo-N-(2,5,8,11,15,18,21,24-
octaoxapentacosan-13-yl)perylene-3,4-dicarboxy monoimide (PMI)

Scheme 7.1.1. PMI 1 was synthesized according to the literature®* by reaction of 9-
bromo-3,4-perylenedicarboxylic anhydride 2 with the TEG swallow-tailed amine 3 in
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molten imidazol. The TEG swallow-tailed amine 3 was synthesized according to the
literature.?*!

9-Bromo-perylenedicarboxymonoimide (2) (0.400 g, 1.00 mmol),
2,5,8,11,15,18,21,24-octaoxapentacosane-13-amine 3 (0.573 g,
1.53 mmol) and zinc acetate (0.182 mg, 1.00 mmol) were mixed in a flask
containing 3 g of imidazole and 0.5 mL of propionic acid. The reaction
mixture was heated up to 130°C for 12 hours. After cooling to room
temperature, the mixture was triturated with 200 mL hydrochloric acid (1.0
M) and then filtered. The solid was dissolved in dichloromethane and the
precipitate was removed by filtration. After evaporating the solvent, the
material is purified via column chromatography (silica gel,
CHCl,/acetone/MeOH 30/5/1) and obtained as a dark red solid (0.200 g,
0.26 mmol) in 26% yield.

PMI (1)
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'H-NMR (300 MHz, CD,Cl,, 293 K)

d[ppm]: 8.37 (br, 2H), 8.22 (d, 1H), 8.15 (m, 2H), 8.07 (d, 1H), 7.97 (d,
1H), 7.77 (d, 1H), 7.61 (t, 1H), 5.64 (m, 1H), 4.18 (m, 2H), 3.96 (m, 2H),
3.74 — 3.56 (m, 8H), 3.54 — 3.39 (m, 16H), 3.26 (s, 6H).

B3C-NMR (300 MHz, CD,Cly, 293 K)

d[ppm]: 164.65, 136.51, 136.34, 133.09, 131.61, 130.18, 130.02, 129.81,
129.28, 128.54, 126.39, 126.32, 124.72, 124.04, 121.93, 121.03, 120.76,
72.40, 71.07, 71.01, 70.98, 70.88, 70.02, 59.12, 52.69.

FD-MS

m/z (%): 765.0 (100), calculated for C3gH44BrNO1: 765.2

Synthesis and Characterization of the peptides

(L)-peptide Ac-SWWWWWS-NH, was prepared via microwave-assisted
solid-phase peptide synthesis (SPPS) with an automated synthesizer
(Liberty, CEM) on rink amide resins using standard Fmoc
(Fluorenylmethoxycarbonyl)-amino acids. The peptides were purified by
reversed phase solid-phase extraction (Sep-Pak C18, Waters) and
characterized by *H-NMR (nuclear magnetic resonance), MALDI-ToF
(matrix assisted laser desorption ionization-time of flight) and RP-HPLC

(reversed phase-high performance liquid chromatography).
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Ac-SWWWWWS-NH,
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'H-NMR (300 MHz, DMSO-d6, 293 K)

d[ppm]: 10.74 (br, 5H), 8.10 — 7.83 (m, 7H), 7.53 (m, 5H), 7.30 (m, 5H),
7.17 - 6.87 (m, 18H), 5.10 (t, 1H), 4.85 (t, 1H), 4.59 — 4.45 (m, 5H), 4.28 (q,
1H), 4.20 (dt, 1H), 3.64 — 3.61 (m, 2H), 3.54 — 3.48 (m, 2H), 3.18 — 2.82 (m,
10H), 1.81 (s, 3H).

MALDI-ToF

m/z (%):1187.0 (100), calculated for Cg3sHesN13NaOqo: 1187.3

Characterization of PLLA-b-(Ac)SWWWWWS(NH,)-b-PLLA structure by
NMR
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'H-NMR Study(700 MHz, DMSO-d6, 293 K)

d[ppm]: 10.72 (br, 5H), 8.35 — 7.85 (m, 7H), 7.53 (m, 5H), 7.30 — 7.14 (m,
10H), 7.02 (m, 10H), 6.92 (m, 5H), 5.20 (q, 79H), 4.59 — 4.45 (M, 5H), 4.25
(m, 2H), 3.82 — 3.75 (m, 3H), 3.67 — 3.64 (m, 1H), 3.18 — 2.82 (m, 10H),
2.01 (s, 3H), 1.47 (d, 237H).
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Figure 7.1.1. "H-NMR spectra of PLLA-b-(Ac)SWWWWWS(NH,)-b-PLLA (top left) and
Ac-SWWWWWS-NH,; (bottom right) in DMSO-d6; Chemical shift area of the signals
corresponding to the methylene protons in both serine groups.

A significant downfield shift of the signals, displayed in Figure 7.1.1,
corresponds to the methylene protons in both serine groups of the initiating
peptide Ac-SWWWWWS-NH, after polymerization. This proves the

successful initiation of the lactide polymerization by both serine units.

Diffusion Ordered Spectroscopy (DOSY) Study (700 MHz, DMSO-d6,
293 K)
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Figure 7.1.2. DOSY spectra of PLLA-b-(Ac)SWWWWWS(NH,)-b-PLLA (top, red) and
Ac-SWWWWWS-NH, (bottom, black) in DMSO-d6.

The superimposed DOSY spectra of PLLA-b-peptide-b-PLLA and Ac-
SWWWWWS-NH, in Figure 7.1.2 prove a covalent attachment of the Ac-
SWWWWWS-NH, peptide to the polylactide chain after polymerization,
since the polylactide signals and the peptide signals in the polymer
possessed the same diffusion coefficient. In addition the polymer composite
retains a lower diffusion than the non-attached peptide.

Encapsulation Efficiency through High-Pressure-Liquid-Chromatography
(HPLC)

The HPLC analysis was carried out with a reversed phase HD C8 column
(Macherey-Nagel) using a series 1100 pump (Hewlett Packard). The
components, containing in the particles, were detected by a UV-Vis detector

S-3702 (Soma). The encapsulation efficiency was calculated by
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determination of the PMI concentration in the solid and its comparison to

the applied amount of PMI before the polymerization.

Cellular Uptake Assays

HelLa cells (below passage 6) were used for cellular uptake assays. Cells
were cultured in standard media, DMEM with low glucose (1 mg/mL)
(Glbco: Paisley, UK) and 10% fetal bovine serum (Gibco: Paisley, UK)
without antibiotics. Cells were grown to near confluence in tissue culture
T125 flasks before trypsinization and plating at a density of 2000 cells/cm?
on sterilized 22 x 22 mm glass coverslips. After a 24-hour incubation
period, cells were incubated with a 1:30 dilution (vol/vol) of nanoparticle
solution for 12 hours. This was independently determined to be the
maximal concentration of particles without substantial cytotoxicity.
Following incubation, cells were washed 3X in PBS, fixed in 4%
paraformaldehyde in PBS for 30 minutes, and washed in 3X PBS. Samples
were imaged after fixation with no further preparation by mounting the
coverslip against a glass slide with two pieces of double-sided tape (Tesa:
Amsterdam, The Netherlands) under hydrated conditions.

Cellular Uptake Imaging

All cellular uptake microscopy was performed on a Leica SP 5 Il TCS
CARS (Leica Microsystems GmbH, Wetzlar, Germany) microscope
equipped with transmitted and reflected light photomultiplier tubes (PMT).
Nanoparticles were detected using laser-based, multiphoton fluorescence in
the reflected (epi) PMT while the transmitted PMT was used for forward,
label-free coherent anti-Stokes Raman scattering (CARS) microscopy. The
excitation for CARS was a picosecond 1064 nm and 817 nm laser while

multiphoton fluorescence used the 817 nm laser alone. Both detection paths
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utilized the standard Leica filter sets. Briefly, CARS is a multi-photon
coherent Raman microscopy technique that derives contrast from the
chemical nature of the sample itself without labels. Using this imaging
system, we targeted the CH-stretching vibration in CARS to image the cell
borders and intracellular membranes while imaging the multiphoton
fluorescence in the epi PMT. Care was taken to make sure that both PMT
gains were below 900 to avoid detector nonlinearity. All images were
acquired with a Nikon 60X 1.49 NA TIRF objective and subsequently

analyzed with ImageJ.

Nanoparticle Fluorescence Imaging

Nanoparticle suspensions (1:1300 in Ethanol) were dried on glass coverslips
and imaged in the epi direction using multiphoton fluorescence with the
Leica SP 5 Il TCS CARS instrument as described above. These images
were acquired with the Nikon 1.49 NA TIRF objective. To study the
fluorescent  properties of the labeled PLLA-b-peptide-b-PLLA
nanoparticles, the particles were physisorbed onto glass coverslips and
investigated using two-photon fluorescence (TPEF) microscopy (Methods).
A picosecond 817 nm laser was used to excite the PMI encapsulated within
the particles, which has a single photon absorbance maximum near 500 nm.
The fluorescence response was collected in the spectral range from 545-755
nm, taking care to block the excitation beam.
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7.2 To 4.3: Polylactide-block-Polypeptide-block-
Polylactide Copolymer Nanoparticles with

Tunable Cleavage and Controlled Drug Release

Supplemental Figures:

e Cleaved Polymer
= « = Triblock Copolymer

Detector Signal

Elution Volume /mL

Figure 7.2.1. Normalized GP chromatograms of PLGLAG nanoparticles before (red) and
after MMP-2 incubation (blue).
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Overlay

Figure 7.2.2. CARS and two-photon fluorescence images of cultured C2C12 myoblasts
directly after addition of PLGLAG (upper panel) and after 48h of culture (lower panel).
CARS signal is derived exclusively from symmetric vibrations of CH, modes of acyl
chains, thus highlighting membranes and lipid deposits. Multiphoton excitation allows
detection of fluorescent PMI dye loaded into the PLGLAG particles. Over time, PMI was
seen to associate with cells, and predominantly in the vicinity lipid deposits, highlighted by
the yellow appearance (arrows). Scale bar = 20 um.
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Figure 7.2.3. Time dependence of cytotoxicity with 5-FU loaded nanocarriers. 5-FU
samples were administered 10 pug/mL drug directly in the media. * and # mark statistically
significant differences (p < 0.05) relative to the corresponding sample at 24 h. Error bars
are standard deviation from three experiments. Pictures show live (green) and dead (red)
cells after 72 h incubation. Scale bar = 100 pum.
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7.3 To 4.4: Polarity Reversal of Nanoparticle

Surfaces by the Use of UV-Sensitive Emulsifiers

General Remarks

All solvents and reagents were purchased from Sigma Aldrich if not stated
otherwise. a-methoxy-w-amino-poly(ethylene glycol) (PEG-NH,) (M,
~ 2000 g'mol™) was purchased from Rapp Polymere. L-lactide and
1,3-bis(2,4,6-trimethylphenyl)-2-ididazolidinylidene (SIMes) were used as
received. SIMes was stored under inert atmosphere at -20 °C. To determine
the polydispersity index (PDI) of block copolymers and poly(L-lactide) a
gel permeation chromatography (GPC) was carried out at 30 °C using MZ-
Gel SDplus 10E6, 10E4 and 500 columns in tetrahydrofuran (THF) as
eluent vs. polystyrene standards. The detector was an ERC RI-101
differential refractometer. The molecular weight of the block copolymers
and poly(L-lactide) was determined by *H NMR spectroscopy in deuterated
dichloromethane (DCM-d2) via end-group analysis, using a Bruker Avance
Il spectrometer operating at 700 MHz. The structure of the block
copolymers was investigated via diffusion ordered spectroscopy (DOSY) in
deuterated dimethylsulfoxide (DMSO-d6). For a *H NMR spectrum 128
transients were used with an 13.8 us long 90° pulse and a 12600 Hz spectral
width together with a recycling delay of 5 s. The temperature was kept at

298.3 K and regulated by a standard *H methanol NMR sample using the

142



Supporting Information

Topspin 3.1 software (Bruker). The DOSY experiments were done with a 5
mm BBI *H/X z-gradient probe and a gradient strength of 5.516 [G/mm] on
the 700 MHz spectrometer. In this work, the gradient strength was 32 steps
from 2 % to 100 %. The diffusion time d20 was optimized to 80 ms and the
gradient length p30 was kept at 1.4 ms. Scanning electron microscopy
(SEM) images were taken using a Zeiss Gemini 912 microscope. The SEM
sample preparation proceeded the following way: the nanoparticles were
dispersed in cyclohexane and drop casted on a silica wafer. The average
diameters of the particles visualized in SEM images were determined by
diameter measurements of 100 randomly chosen particles. Dynamic light
scattering (DLS) was used to determine the mean size of generated
self-assemblies and nanoparticles (number distribution). The DLS
measurements were performed on a Malvern Zetasizer 3000 with a fixed
scattering angle of 90° and on an ALV/LSE-5004-correlator using a He/Ne-

laser operating at 632.8 nm.
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Supplemental Table:

Table 7.3.1. Hydrodynamic diameters of block copolymer aggregates in cyclohexane and
copolymer stabilized PLLA nanoparticles in cyclohexane, respectively, water.

Dy, (Number) Dy, (Volume) Dy, (Intensity)

/nm /nm /nm

PEG-b-PGlu(Pyr)
PLLA Particles in 130 £ 19 148 + 34 140 +8

Cyclohexane
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Figure 7.3.2. Diffusion ordered spectrum of PEG-b-PGlu copolymer (4) in D,0O.
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